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Abstract 
 
Adolescence is a crucial period for bone development and exercise can 
enhance bone acquisition during this period of life. However, there is a lack of 
scientific evidence on how different loading sports practised during adolescence 
can affect bone development in males. The present thesis is part of the PRO-
BONE study and aimed to investigate the cross-sectional and longitudinal 
effects of participation in football (osteogenic sport), swimming and cycling 
(non-osteogenic sports) on bone mass, bone geometry, texture and bone 
metabolism in adolescent males. An active control group has been included too. 
Additionally, the thesis examined the effect of a 9-month jumping intervention 
programme on bone outcomes in adolescent males involved these sports. 
Cross-sectional findings from Chapter 4 show that footballers have better bone 
status than swimmers, cyclists and controls (7 to 21 %), and that there are no 
differences between participants of non-osteogenic sports and controls. Chapter 
5 identifies that lean mass is the strongest determinant of bone outcomes, 
followed by football participation and height in adolescent male athletes, 
whereas the contribution of the other predictors, such as nutrition, physical 
activity and fitness, is site specific. Longitudinal evidence in Chapters 6 and 7 
show that bone mass (5 to 8 %) and geometry (4 to 10 %) is higher in 
adolescent male footballers compared to swimmers and cyclists after one year 
of sport specific training, and that there are no differences in bone development 
between non-osteogenic sports groups and controls. Chapters 8 and 9 indicate 
that a 9-month jumping intervention programme can improve bone outcomes 
only in male adolescents participating in swimming and cycling (4 to 13 %), but 
not in those engaged in football, while it can improve fitness outcomes in all 
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groups (4 to 8 %). Collectively, the present thesis contributes to the literature by 
providing novel evidence in adolescent male athletes on the effects of popular 
sports such as football, swimming and cycling on bone status and development, 
and that a jumping intervention programme can improve bone development in 
those involved in non-osteogenic sports.  
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“If we could give every individual the right amount of nourishment and exercise, 
not too little and not too much, we would have found the safest way to health” 
Hippocrates (460 BC, Kos - 370 BC, Larissa) 
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1. Introduction 
 
Osteoporosis is a disease characterised by reduced bone mineral content (BMC) 
and bone mineral density (BMD) and deterioration of bone microarchitecture, 
resulting in increased risk of fragility fractures (NIH Consensus Development 
Panel on Osteoporosis Prevention and Therapy, 2001). The most common 
fragility fractures sites are the distal forearm, spine and hip, and constitute a 
major public health challenge worldwide (Cooper et al., 2004b, Rennie et al., 
2007). Figures estimate osteoporosis affects approximately 22 million women 
and 5.5 million men between the ages of 50 and 84 years in Europe, and 
osteoporosis is associated with high rates of morbidity and mortality. In addition, 
about 3.5 million European men and women suffer an osteoporotic fracture 
every year, resulting in an economic cost of approximately €98 billion (Kanis 
and Johnell, 2005a). The scientific literature suggests that prevention is better 
than treatment and is a key public health strategy to improve osteoporosis-
related outcomes. 
 
Bone mass acquisition during growth is not only important for optimal skeletal 
growth but also is the strongest determinant of osteoporosis risk later in life 
(Nikander et al., 2010). Bone acquisition occurs throughout childhood and 
adolescence, with 80-90 % acquired by late adolescence, depending of the 
sites of the skeleton (Baxter-Jones et al., 2011, Henry et al., 2004). Bone mass 
reaches its peak between the second and third decade of life, which is called 
peak bone mass (PBM). PBM serves as an important protective advantage 
because BMD declines with age, illness or diminished sex steroid production. 
During the last two decades, increasing evidence suggests that the full potential 
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of PBM and bone strength are not achieved (Chevalley et al., 2017, Henry et al., 
2004). This is alarming given the raised concerns that inadequate bone mass 
may result in fragile bones and increased fracture risk both in adolescence and 
in adulthood (Rizzoli et al., 2010, Weaver et al., 2016). In this regard, a 10 % 
increase in bone mass during adolescence might reduce the risk of fracture 
later in life by 50 % and delay the onset of osteoporosis by 13 years (Rizzoli et 
al., 2010). Therefore, maximising bone mass during growth is of great 
importance in order to reduce the risk of osteoporotic fractures (Bonjour and 
Chevalley, 2007, Chevalley et al., 2017). 
 
Heredity is a major determinant of PBM, and approximately 60-80 % of the 
variance in PBM is attributed to genetics (Davies et al., 2005, Stewart and 
Ralston, 2000, Bachrach, 2001). Environmental factors also influence PBM, 
including nutritional intake (Pettifor and Prentice, 2011), physical activity 
(Gracia-Marco, 2016) and smoking (Emaus et al., 2014). Adequate dietary 
calcium intake is an important component of optimal (full individual potential) 
attainment of PBM as it influences the development of the skeleton during 
growth (Huncharek et al., 2008). Increasing dietary calcium to optimal levels 
through consumption of dairy products (fortified or not) may increase bone 
mass during growth, but the optimal levels needed and the duration of the 
consumption to improve bone acquisition remain controversial (Huybrechts et 
al., 2011, Winzenberg et al., 2006). Another substantial nutrient in bone 
mineralization is vitamin D, which plays an important role in calcium absorption 
from the skeleton and in the attainment of PBM. Inadequate vitamin D levels 
may result in lower attainment of PBM, which could in turn contribute to 
increased fracture risk in both childhood and older adult life. However, only 
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subclinical vitamin D deficiency may be detrimental to optimal bone acquisition 
during growth (Winzenberg and Jones, 2013). Calcium, vitamin D and physical 
activity can independently influence bone mineral accrual in young people 
(Vlachopoulos et al., 2016). However, evidence suggests that environmental 
factors may interact to influence bone status. For example, physical activity 
interacts with calcium intake (Courteix et al., 2005) and vitamin D levels 
(Valtuena et al., 2012) to improve bone status across life span (Ward et al., 
2007). 
 
Physical activity contributes to the development of bone mass in young people 
due to its positive association with lean mass. The latter is explained by the 
mechanostat theory indicating that “bigger muscles exert higher tensile forces 
on the bones they attach’’ (Rauch et al., 2004). The importance of physical 
activity during childhood is dependent on the ability of the skeleton to adapt to 
mechanical loading and appears to elicit the greatest bone accrual response in 
the growing skeleton and later in life (Bielemann et al., 2013). The intensity, 
frequency and the type of physical activity are important factors to consider due 
to the different ground reaction forces applied on the paediatric skeleton 
(Vicente-Rodriguez, 2006, Beck, 2009, McKay et al., 2005a). In this regard, 
exercise is an effective method to improve the development of bone mass 
during puberty, but not all types of exercise have the same effects on bone 
outcomes.  
 
Sport participation is a vehicle for children and adolescents to engage in 
exercise and obtain health benefits, including the skeletal system. Participation 
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in organised and non-organised sports in 6 to 16 year old males and females 
ranges from 43 to 92 % with football, swimming and cycling being among the 
most popular sports practised in UK, EU and US (Sport England, 2016, Aspen 
Institute, 2013, Scheerder et al., 2011). Evidence suggests that some sports 
may have a positive or negative impact on bone mass accrual (Vicente-
Rodriguez, 2006, Boreham and McKay, 2011). According to their characteristics, 
sports can be described as osteogenic (weight-bearing exercise) or non-
osteogenic (non weight-bearing exercise) (Tenforde and Fredericson, 2011). 
Football is considered an osteogenic sport due to its positive impact on bone 
outcomes during childhood and adolescence (Ara et al., 2006, Vicente-
Rodriguez et al., 2004a, Krustrup et al., 2010, Calbet et al., 2001). In contrast, 
sports such as cycling (Rico et al., 1993b, Duncan et al., 2002a, Olmedillas et 
al., 2011) or swimming (Andreoli et al., 2012, Ferry et al., 2013, Greenway et al., 
2012, Ferry et al., 2011) are associated with no changes or even a reduction in 
bone mass when compared to controls in paediatric groups. Currently, there is 
no evidence on how different loading sports affect bone development in young 
males who invest a lot of time in their practice.   
 
Weight-bearing exercise appears to be one of the most beneficial practices to 
optimise bone development and can enhance bone mineral accrual in children, 
particularly during the pubertal years. However, the constitution of the optimal 
exercise intervention programme remains unclear (Hind and Burrows, 2007). 
Previous evidence suggests that a jumping intervention programme may be a 
judicious choice for improving bone development in non-athletic children and 
adolescents, and that short bouts of exercise are more effective than a single 
longer bout of exercise for improving bone mass and strength (Fuchs et al., 
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2001, MacKelvie et al., 2002b, McKay et al., 2005a, Weeks et al., 2008). 
Despite the beneficial effects of jumping interventions on bone health in the 
non-athletic paediatric population, there is no evidence in athletic groups that 
represent a large part of the population and might be in greater need for 
osteogenic stimulus depending of the sport practised. 
 
Dual energy X-ray Absorptiometry (DXA) is considered the current “gold 
standard” for osteoporosis diagnosis and fracture risk prediction (Paola Pisani, 
2013). However, additional measurements of bone health, such as volumetric 
BMD measured by quantitative computed tomography (QCT) and bone stiffness 
measured by Quantitative Ultrasound (QUS) can provide a further insight into 
the mechanisms implicated in the site specific adaptations of the skeleton to 
exercise (Hind and Burrows, 2007). In this regard, participation in sport 
participation might also influence hip geometry outcomes measured by Hip 
Structural Analysis (HSA) during adolescence (Hind et al., 2012b). There is lack 
of studies on males and evidence in adolescent female footballers have shown 
greater hip geometry parameters compared to swimmers and controls, while 
swimmers showed lower bone tissue at the narrow neck of the femur than 
footballers and controls (Ferry et al., 2011). A further insight into bone health is 
that weight-bearing exercise may adapt bone structure and remodelling during 
growth. A combination of the static measurements provided by DXA and QUS 
with the assessment of HSA, Trabecular Bone Score (TBS) and bone 
metabolism markers can improve the understanding of the changes in the 
skeleton during growth (Jurimae et al., 2010, Prevrhal et al., 2008, Silva et al., 
2014). 
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Therefore, the purpose of the present thesis is to present a series of novel 
investigations into the effects of osteogenic (football) and non-osteogenic 
(swimming and cycling) sports on bone development in adolescent males, and 
to examine for the first time whether a jumping intervention programme can 
improve bone development in adolescent athletes. The main strength of the 
present thesis is the inclusion of six studies including cross-sectional, 
longitudinal and experimental designs and using a combination of bone 
assessment methods to obtain key data such as bone mass, geometry, texture 
and metabolism. 
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2. Literature review 
 
This literature review provides an overview of bone health during growth, the 
determinants affecting bone health and the methodological approaches to 
measure bone outcomes during childhood and adolescence. In addition, the 
role of exercise in relation to bone health will be critically reviewed and insight 
will be provided on how participation in sports can affect bone health. Finally, 
the effect of exercise interventions to improve bone heath in children and 
adolescents will be reviewed. The section will end with a summary of the 
specific objectives of the present thesis. 
 
2.1 Skeleton: biological role and components 
The human skeleton is composed of 305 bones at birth, but this number 
decreases to 206 bones by adulthood after some bones combine. The role of 
the skeleton is to support body weight, to provide mechanical support for 
posture and movements, to protect inner organs, and to serve as metabolically 
active storage for minerals such as calcium, phosphate, and magnesium 
(Seeman and Delmas, 2006). The skeleton is the only organ that can be 
remained after death as nature disposes any other organ that covers the 
skeletal frame. The axial skeleton (skull, vertebrae, rib cage) forms a protective 
shell around the brain, spinal cord and inner organs, while the appendicular 
skeleton (the upper and lower limbs) is crucial for locomotion. Bones serve as 
attachment sites for muscles and ligaments, thereby enabling the movement of 
the body (Clarke, 2008). 
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Figure 2.1. Trabecular microarchitecture of a mediaeval (14
th
 century) paediatric proximal 
femora remain. The photo was taken at the distal metaphysis of the femora with permission 
from University of Lincoln as part of an in-vitro diagnostic radiography DXA scan at the 
University of Exeter. 
 
The skeleton is comprised of long bones (humerus, radius, femur and tibia) and 
flat bones (such as the skull, sternum, scapula and ileum), and can be divided 
into cortical bone and trabecular bones (Datta et al., 2008). Cortical bones 
constitute 80 % of the skeleton and are mainly found around the shaft 
(diaphysis) of the long bones (Figure 2.1). Trabecular bones represent 20 % of 
the skeletal mass and account for 80 % of the bone surface (Clarke, 2008). 
They are found mainly in the vertebral bodies, metaphyseal areas at the end of 
long bones and in the flat bones. Trabecular bones are metabolically active and 
maintain bodily mineral homeostasis. The proportion of cortical and trabecular 
bone vary depending on the skeletal site. For example, the distal forearm and 
femoral neck constitute 25 % trabecular and 75 % cortical bone, whereas the 
vertebra contains more than two thirds trabecular bone (Surgeon-Report, 2004). 
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Deterioration of cortical and trabecular bone predispose to fractures at different 
locations. 
 
2.2 Bone cells 
The skeleton consists of three different kinds of bone cells (osteoblasts, 
osteocytes and osteoclasts) and of extracellular matrix. Extracellular matrix 
accounts for 90 % of the total bone volume, which comprises mineralized matrix, 
organic matrix, lipids and water. The mineralized matrix accounts for 99 % of 
the body’s storage of calcium and 85 % of the storage for phosphorous. The 
organic matrix contains mainly type 1 collagen, as well as proteoglycans, 
growth factors, and glycoproteins. The organic matrix is secreted by osteoblasts 
and is mineralized within 10-15 days (Buck and Dumanian, 2012). 
 
2.2.1 Osteoblasts and osteocytes 
Osteoblasts are responsible for bone formation. They originate from 
mesenchymal stem cells in the bone marrow, and account for 4-6 % of bone 
cells (Capulli et al., 2014). Osteoblasts build bone by secreting bone proteins 
and collagen that form the bone matrix. Alongside collagen type 1, osteoblasts 
also produce osteocalcin, osteonectin, osteopontin and bone sialoprotein (Buck 
and Dumanian, 2012). The average lifespan of an osteoblast is three months 
(Manolagas, 2000). The aging osteoblast follows three possible paths: undergo 
apoptosis, become embedded in the bone as an osteocyte, or transform into a 
bone lining cell (Rochefort et al., 2010). When bone remodelling should not 
occur, they prevent direct interaction between osteoclasts and bone matrix 
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(Capulli et al., 2014). In order to allow osteoclasts to attach to the bone, the 
collagen matrix must be removed through collagenase secretion (Manolagas, 
2000). After the formation of the bone, some osteoblasts become entrapped in 
the newly formed bone matrix and develop into osteocytes. Osteocytes account 
for approximately 95 % of the bone cells, they are long-lived and do not divide 
(Capulli et al., 2014). Osteocytes have the capacity to detect mechanical 
pressure and load, and thereafter regulate bone remodelling by acting on 
osteoblast and osteoclast differentiation and function (Rochefort et al., 2010).  
 
2.2.2 Osteoclasts 
Osteoclasts are the only cells that can induce bone resorption (Lerner, 2000). 
They are essential for physiological bone resorption during growth, for 
remodelling, and for maintaining calcium homeostasis via the endocrine system 
(Kular et al., 2012). The formation and activation of these cells are dependent of 
local cytokines from the osteoblasts and other cells, and their main task is to 
breakdown and remove the extracellular matrix (Compston et al., 2009). 
Immature osteoclast precursors proliferate and fuse to form giant multinuclear 
cells. Mature osteoclasts attach to the bone surface, creating an acidic 
microenvironment that enables bone resorption (Blair and Athanasou, 2004). 
After bone resorption, osteoclasts undergo apoptosis (Buck and Dumanian, 
2012). 
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2.2.3 Bone modelling and remodelling 
Bone modelling and remodelling (Figure 2.2) is the ongoing process where 
bones are resorbed and formed. During the modelling process, the bones adapt 
to mechanical forces. The osteocytes are the cells that sense mechanical strain 
and trigger bone remodelling. This includes changes in shape, mass, and size 
throughout life (Rauch and Glorieux, 2004). Modelling usually results in a net 
increase in the amount of bone tissue, due to less active osteoclastic function in 
the endocortical surface, as compared to osteoblasts working on the periosteal 
surface without interruption. In addition to cortical thickening, modelling is also 
important for reshaping the long bones as they grow in length during childhood 
and adolescence (Parfitt et al., 2000, Rauch, 2005). 
 
Figure 2.2. In modelling, osteoblast and osteoclast action are not linked and rapid changes can 
occur in the amount, shape, and position of bone. In remodelling, osteoblast action is coupled to 
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prior osteoclast action. Net changes in the amount and shape of bone are minimal unless there 
is a remodelling imbalance. With permission from (Rauch and Glorieux, 2004). 
 
The remodelling cycle begins with recruitment of osteoclasts for bone resorption 
and ends with bone formation by the osteoblasts, with bone formation lasting 
approximately three times as long as bone resorption (Kular et al., 2012). The 
remodelling cycle lasts about 3 to 4 months, where the phase of resorption is 2 
to 3 weeks, reversal phase is 4 to 6 weeks, and the final formation phase, 
where osteoblasts lay down bone until the gap is completely replaced by new, is 
up to 4 months (Hadjidakis and Androulakis, 2006). During the growth period, 
about 5 % additional bone is formed in every remodelling cycle as compared to 
resorption (Parfitt et al., 2000). It has been estimated that the adult skeleton is 
completely regenerated in 10 years with an estimated turnover of 10 % per year 
for the entire skeleton. There is constant matrix remodelling with an average 4 % 
in cortical bone turnover and 28 % in trabecular bone turnover per year 
(Manolagas, 2000). The balance of the remodelling cycle in a young adult 
skeleton is close to zero, for as much bone is formed as is removed. After the 
fifth decade of life, bone formation rate fails to keep pace with resorption activity, 
and bone loss begins. Thus, a remodelling imbalance causes reduced bone 
strength and can lead to osteoporosis (Zuo et al., 2012). 
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2.3 Assessment of bone status 
2.3.1 Bone densitometry 
Bone health can be assessed by mineral density, which is a radiographic 
measure of the amount of bone material in a given volume measured by 
absorption. Single photon absorptiometry was introduced in the 1960s, enabling 
the non-invasive quantitative assessment of BMC at peripheral sites of the 
skeleton (Cameron and Sorenson, 1963). Replacement of the radionuclide 
source with X-ray resulted in better precision, resolution and scanning time 
(Genant et al., 1994). 
 
The DXA scanner was introduced in the late 1980s, and is the most widely used 
technique to assess bone density. In order to separate the dense tissue from 
the soft tissue, the DXA scanner produces two X-ray beams, one with high 
energy and one with low energy. For each beam, the amount of X-ray that 
passes through the body is measured, and BMD can be calculated (Dimai, 
2016). The radiation dose from a DXA examination is very low, ranging from 1-
10 μSv for a spine and hip examination, which is negligible and similar to the 
daily natural background radiation (Damilakis et al., 2013).  
 
DXA is considered the gold standard method for assessing areal BMD (aBMD) 
by non-invasive means in a clinical setting, and is a valid method to diagnose 
osteoporosis and to predict the risk of fracture in adults (Cummings and Melton, 
2002, Dimai, 2016). In clinical use, the most common sites measured with DXA 
are the lumbar spine, hip (total hip or proximal femur), and total body (Bachrach 
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et al., 2016, Lee et al., 2004) (Figure 2.3). In adults, the femur has a special 
clinical interest for assessment due to the high prevalence of fractures at this 
location. Lumbar spine measures are considered to reflect trabecular bone 
health, and the whole body DXA measure reflects bone health of the long bones. 
Separate measurements can be conducted for other skeletal sites and with a 
special interest on the distal radius due to the high fracture incidence at this site 
of the skeleton (Ahmed et al., 2010). 
   
Figure 2.3. Images (2014) obtained by DXA (Lunar) at total body, left femur and lumbar spine 
as part of the PRO-BONE study. 
 
DXA measures BMC and provides a calculated BMD by measuring BMC and 
bone area. The projected areal BMD and an estimation of cubic shape is used 
for clinical practice, and BMD is transformed into T-score for adults. The T-
score is the standard deviation of BMD from a healthy 30-year-old of the same 
sex and ethnicity, representing the peak bone mass. A T-score equal to or less 
than -1 shows that the BMD is 1.0 SDs or more below the average value in a 
young adult and indicates osteopenia. A T-score equal to or less than -2.5 
shows that the BMD is 2.5 SDs or more below the average value in a young 
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adult, and indicates osteoporosis according to the WHO classification of 
osteoporosis (Kanis et al., 2000a). 
 
2.3.2 DXA in children and adolescents 
DXA is also widely used in children and adolescents, as it is quick and non-
invasive, and the radiation exposure is low. There are certain challenges of 
using DXA in growing children including the technical issues with acquisition of 
the data from small bones with low mineral content, and with the interpretation 
of the results (Gordon et al., 2008). To avoid an overestimation of bone mineral 
deficits in children, BMD scores are compared to reference data for the same 
sex and age (Z-score), not to the mean of young adults (T-score). If the bone 
age, ideally determined with X-ray of the wrist, is delayed or advanced, the 
BMD can be adjusted to the bone age instead of calendar age. Height 
adjustments are recommended in paediatric studies, and the whole body BMD 
is proposed to be assessed relative to height in children (Leonard et al. 2004). 
DXA machine specific reference data are recommended for Z-score 
calculations in children (Genant et al., 1994, Zemel, 2012). According to the 
International Society of Clinical Densitometry, total body less head and lumbar 
spine (L1-L4) are the two preferred skeletal sites to assess bone health in the 
paediatric population. Additional regions are recommended depending on the 
design of the study and the population studied (Bachrach et al., 2016). The 
terms osteopenia and osteoporosis should not be used to describe 
densitometry findings in the paediatric population. Instead, BMC or BMD z-
scores < -2 SDs can be used to indicate low bone status for the specific age. 
The International Society for Clinical Densitometry stated that one of the 
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following criteria can indicate osteoporosis in children and adolescents: 1) one 
or more vertebral fractures occurring in the absence of local disease or high-
energy trauma (measuring BMD can add to the assessment of these patients 
but is not required as a diagnostic criterion); or  low bone density (BMC or areal 
BMD z scores < –2.0) and a significant fracture history (2 or more long bone 
fractures before 10 years or 3 or more long bone fractures before 19 years of 
age) (Gordon et al., 2014). Because athletes participating in weight-bearing 
sports are expected to have higher BMDs than non-athletes, the American 
College of Sports Medicine recommends that a Z-score a Z-score between -1.0 
and -2.0 is considered as “low BMD” and defines ‘‘osteoporosis’’ as secondary 
clinical risk factors for fracture with BMD Z-scores less than -2.0 (Nattiv et al., 
2007). Therefore, a definition of “bone health” in children and adolescents 
involved in sports could be a BMC or areal BMD z scores > -1.0 in the absence 
of previous fracture. 
 
2.3.3 Bone geometry estimates 
HSA is a technique that uses the properties of DXA images to derive hip 
geometry estimates that are associated with bone strength (Beck, 2007).  The 
HSA program measures not only the BMD of the hip bone but also structural 
geometry of cross-sections traversing the proximal femur at specific locations. 
The bone mass image is used from the DXA scan where pixel values are 
expressed in areal mass (Hind et al., 2012a). The method employs the principle 
that a line of pixel values across the bone axis corresponds to a cut plane 
traversing the bone at that location and contain some of the information about 
the cross-section. The program analyses the proximal femur at different 
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locations depending on the DXA used (three locations can be derived from 
Hologic DXA and one from Lunar) (Figure 2.4). The potential obtained regions 
are: 1) narrow neck across the narrowest diameter of the femoral neck; 2) 
intertrochanteric along the bisector of the neck-shaft angle; and 3) the shaft, 2 
cm distal to the midpoint of the lesser trochanter. For estimates of endosteal 
diameter, cortical thickness and buckling ratio, models of the cross-sections 
using assumed shapes are necessary. The narrow neck is modelled with 60/40 
proportion of cortical/trabecular bone, the shaft with 100% of cortical bone and 
the intertrochanteric regions is modelled with 70/30 proportion of 
cortical/trabecular bone (Beck, 2007). 
 
Figure 2.4. Hip structure analysis profile at the narrow neck of the femur, intertrochanteric and 
femoral shaft sites. Adapted from (Beck, 2007). 
 
Several studies have demonstrated that HSA can predict hip fractures (Faulkner 
et al., 2006, Leslie et al., 2009). In a study of 7,474 women with 635 incident hip 
fractures over 13 years, women with fractures (compared with those without 
fractures) had greater neck-shaft angles, subperiosteal and endosteal 
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diameters, and buckling ratios and lower hip BMD, CSA, cross-sectional 
moment of inertia (CSMI), section modulus (Z), and cortical thickness (Kaptoge 
et al., 2008). Similarly, a study on postmenopausal women (n=76) reported that 
trochanteric diameter and femoral shaft subperiosteal diameter, as well as 
buckling ratio, were independent predictors of fracture risk even after controlling 
for age, body size, clinical risk factors, and BMD (Petit et al., 2004). HSA is 
being used in studies assessing the impact of exercise and mechanical loading 
on bone (Hind et al., 2012a, Petit et al., 2004) and has been used in longitudinal 
studies of children and adolescents (Jackowski et al., 2011b, Alwis et al., 2012). 
Previously, the coefficient of variations (COVs) of these variables previously 
found to be between 7.9 % and 11.7 % (Khoo et al., 2005). 
 
2.3.4 Trabecular microarchitecture  
TBS is a recently developed technique from which a textural metric can be 
extracted from the DXA image, providing an indirect index of trabecular 
microarchitecture (Silva et al., 2014). TBS is not a direct physical measurement 
of bone microarchitecture, but rather an overall score computed by the 
projection of the 3D structure onto a 2D plane (Bousson et al., 2012). TBS is 
calculated as the slope of the log transformed two dimensional variogram, 
where the slope characterizes the rate of grey pixel variations. A steep 
variogram slope with a high TBS is associated with better bone structure, 
whereas low TBS values indicate low bone structure (Figure 2.5). Because the 
DXA image is usually retrievable, even though it might have been obtained 
years before, TBS can be readily applied to any available DXA image obtained 
from GE Lunar and Hologic densitometer models. TBS is typically measured at 
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the lumbar spine and determined using the same region of interest as the BMD 
measurement. Although a TBS is given for each vertebra, the average of L1 to 
L4 is used following DXA lumbar spine reports (Bousson et al., 2015). A recent 
study investigated the predictors of TBS in adolescents showing that age and 
pubertal stages were significant determinants of TBS (Shawwa et al., 2016). 
Normative data do not exist yet, but the COVs of TBS in relation to BMC has 
been reported to be between 1.1 % to 1.9 % (Silva et al., 2014).  
 
Figure 2.5. Representation of the TBS principles and an example where the TBS appears to be 
independent from BMD. With permission from (Silva et al., 2014). 
 
2.3.5 Quantitative Computed Tomography 
Quantitative Computed Tomography (QCT) is an X-ray based technique that 
provides three-dimensional information on morphology and composition of the 
scanned area. Peripheral QCT (pQCT) is a device designed to measure 
peripheral bones, typically the distal forearm (radius) and the distal tibia (Liu et 
al., 2010). The radiation dose is low, less than 3 μSv for a single slice and 
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increases in a multiple-slice protocol (Lee et al., 2013). Unlike DXA, pQCT 
provides cross-sectional images. This enables the separation of cortical and 
trabecular bone, so that volumetric BMD of the cortical and trabecular bone 
compartments can be determined separately. It also allows the investigation of 
the geometrical bone properties. Information about the trabecular bone traits 
are obtained through a scan at 4 % of the bone length in the distal direction of 
the proximal end of the bone. While information about cortical bone traits are 
obtained through a scan at 15-65 % of the bone length in the distal direction of 
the proximal end of the bone. In addition to volumetric BMD of the trabecular 
and cortical bone, a measure of cortical thickness, cortical CSA, endosteal and 
periosteal circumference can be obtained, which enables insight into the size 
and density of the bone (Wang et al., 2008). Recently, a multislice high-
resolution pQCT (HR-pQCT) has come into use for research purposes. HR-
pQCT is a pQCT device that performs several cross-sectional slices and 
produces a three-dimensional image of the bone. The resolution is high (slice 
thickness 82 μm) and enables investigation of the microstructure of the 
trabecular bone (Schipilow et al., 2013). 
 
2.3.6 Ultrasonometry 
In addition to DXA and QCT devices, quantitative ultrasound (QUS) was 
developed in 1984 for the assessments of calcaneal bone status in adults 
(Langton et al., 1984). QUS uses ultrasound waves characterized by a 
frequency exceeding the threshold of audibility of the human ear (> 20 kHz). 
Unlike the usual ultrasound techniques that are based on the reflection of 
ultrasound waves, QUS involves the transmission of ultrasound pulses through 
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the investigated bone tissue and the detection of the transmitted pulses once 
they have passed through the medium. The heel is positioned between two 
probes as seen in Figure 2.6. The ultrasounds transmitted to the cortex after 
propagation along the cortical bone layer and received by another ultrasound 
transducer at a known distance (Paola Pisani, 2013). The QUS parameters 
obtained are the speed of sound and broadband ultrasound attenuation through 
the appendicular bone. Bone stiffness (or stiffness index) can be calculated 
using validated age specific equations (Baroncelli, 2008, Frost et al., 1999). Due 
to the use of the ultrasound waves, the method has several advantages for the 
paediatric population. The QUS device is portable and suitable for large school 
studies, there is no radiation exposure and it is technically simple. It should be 
noted that if there are decreased values of the output from the QUS it may not 
be possible to detect the reason for this since the QUS is dependent on the 
density and the stiffness as well as the micro-structure (Binkley et al., 2008). A 
study aiming to examine the correlation between bone stiffness measured by 
QUS and DXA outcomes in children and adolescents indicated that the short-
term precision QUS was 1.8 % for bone stiffness, 2.9 % for BUA, and 0.4 % for 
SOS. Pearson's correlation coefficients (r) were calculated to assess the 
correlations between the total body BMC by DXA and bone stiffness calculated 
by QUS. There were significantly positive correlations between bone stiffness 
and total body BMD (r=0.693) and BMC (r=0.690), highlighting that QUS 
method is considered a valid and radiation-free method compared with DXA to 
assess bone health in children and adolescences (Xu et al., 2014).  
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Figure 2.6. Quantitative ultrasound method. A: Ultrasound beam through a bone tissue of 
phalanx (transmission way) in a typical quantitative ultrasound measurement (section view); B: 
Ultrasound pulse. With permission from  (Paola Pisani, 2013) 
 
2.3.7 Bone formation and resorption markers 
Bone turnover markers can provide additional information about bone 
metabolism, especially during growth, that are not detected by bone devices 
and can help in the evaluation of osteoporosis treatment (Vasikaran et al., 
2011). Bone turnover markers reflect the formation and resorption of the bones 
and they can be measured in biological samples such as blood or urine, and are 
determinants of fracture risk (Johansson et al., 2014). The intracellular markers 
can provide dynamic information about the turnover of osseous tissue and can 
reflect the cellular activities of bone formation and resorption by monitoring the 
acute responses on bone remodelling (Nebigh et al., 2017). They can be 
divided into two categories: 1) bone formation markers, which reflect osteoblast 
activity, and are by-products of collagen synthesis, matrix proteins or 
osteoblastic enzymes; and 2) bone resorption markers, which reflect osteoclast 
49 
 
activity and are mainly degradation products of type 1 collagen (Jurimae, 2010). 
Two common bone formation markers are procollagen type I of amino-terminal 
propeptide (PINP) and osteocalcin, produced by osteoblasts during osteoid 
synthesis (Brown et al., 2009). Some bone formation markers are incorporated 
directly into the bone matrix, but some newly synthesized markers are secreted 
and circulated in the blood (Szulc and Delmas, 2008). The most common bone 
resorption marker used is Carboxi-terminal telopeptide of type 1 collagen (CTX-
I), a collagen degradation fragment which, when bone is resorbed, is released 
into the blood and subsequently excreted in urine (Chopin et al., 2012). Several 
other markers of bone turnover are available but PINP and CTX-I are 
recommended by International Osteoporosis Foundation (Vasikaran et al., 2011) 
as markers of formation and resorption, respectively. During puberty, levels of 
bone turnover markers increase, and have been demonstrated to be higher in 
early puberty and mid-puberty compared to advanced puberty (Gracia-Marco et 
al., 2011b). In addition, bone remodelling might be increased due to 
participation in high intensity weight-bearing activities during puberty (Kambas 
et al., 2016, Jurimae et al., 2010). Exercise can induce changes in bone 
remodelling with evidence showing that football training to have substantial 
effect on bone turnover in boys (Zouch et al., 2008). A different study in pubertal 
girls did not find significant differences in bone resorption between gymnasts, 
runners, and controls after 1 year (Lehtonen-Veromaa et al., 2000), however 
there is no scientific evidence comparing bone remodelling of adolescent male 
athletes involved in different  loading sports. 
 
2.4 Bone development  
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Bone development starts at 8 weeks as the pattern of the skeleton has been 
largely formed. At this early skeleton, the initial bone formation starts 6 weeks 
post fertilization (Wang and Seeman, 2008). The fetal period is characterized by 
rapid growth in bone size and maintenance of the bone´s shape, which is 
required for maternal nutrition and fetal movements (Steer and Tobias, 2011). 
After birth, the skeleton maintains a fast rate of growth in length and thickness. 
The long bones continue their growth during infancy, childhood and 
adolescence until they reach their adult size. Growth in length is driven by bone 
formation on the diaphysis side of the epiphyseal plate, while increased 
thickness is related to net bone formation on the periosteal surface (Clarke, 
2008). 
 
2.4.1 Bone mass accrual 
PBM attainment typically occurs between the second and third decade of life, 
with 80-90 % acquired by late adolescence, although this is skeletal site 
dependent (Baxter-Jones et al., 2011, Henry et al., 2004). Pubertal status is 
associated with bone growth both in size and density, and evidence shows that 
boys and girls acquire bone mass at similar rates before puberty, whereas after 
puberty, males tend to acquire a higher bone mass than females, likely due to 
the impact of sex-steroid hormones (Davies et al., 2005). During childhood and 
adolescence longitudinal growth occurs as well as changes in skeletal size and 
shape (Chevalley et al., 2009). Bones become longer through endochondral 
ossification at the growth plates, and wider by periosteal apposition. From early 
childhood to late adolescence, there is an ongoing accumulation of skeletal 
mass, which increases from approximately 70-95 g at birth to 2,400 to 3,300 g 
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in young women and men, respectively (Stagi et al., 2013). Skeletal growth 
requires adequate production of growth hormone, thyroid hormones, growth 
factors and sex steroids (Bachrach, 2001).  
 
Before puberty, no substantial sex differences are observed in BMD of the 
lumbar spine, femur and radius, after adjustment for age, physical activity and 
nutrition (Bonjour and Chevalley, 2014). During puberty, bone size increases 
while BMD remains almost constant in both sexes (Rizzoli et al., 2010). Bone 
formation also occurs at the endosteal, inner surface of the cortical bone 
(Bonjour et al., 1994). Skeletal modelling during growth differs from bone 
remodelling, since it leads to new bone formation at a different location than the 
site of resorption, resulting in alterations in bone shape and net accrual of bone 
tissue (Jurimae, 2010). At the end of puberty, males have higher BMD, mainly 
due to greater bone size in males compared to females (Chevalley et al., 2011). 
In males, the prolonged bone maturation period results in larger increases in 
cortical thickness and bone size. Cortical thickness increases more by 
periosteal apposition of bone in males, resulting in a stronger bone, whereas in 
females more bone is deposited at the endosteal, inner surface (Bonjour and 
Chevalley, 2014).  
 
Findings of a longitudinal study monitoring BMC velocity annually suggest that 
the highest rate of bone mass accrual, or PBM, in females and males occurs 
between 12-15 years and 14-16 years of age, respectively (Figure 2.7). In the 
same study, BMC velocity rate for most skeletal sites decreased by the age of 
16-18 years in girls and 17-20 years in boys (Bailey et al., 1999). During the 
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years of puberty, girls acquired approximately 40 % of their PBM, meaning they 
had achieved approximately 90 % of PBM by the age of 18 (Theintz et al., 
1992). The PBM is relatively stable until the onset of natural loss with aging. At 
menopause, women experience an accelerated loss for 3‐6 years and 
thereafter a continued loss of bone mineral for both men and women (Faulkner 
and Bailey, 2007). The PBM is an important predictor for BMD in elderly and 
hence, maximising the PBM may be essential in the prevention strategy 
towards osteoporosis. 
 
Figure 2.7. Total body peak bone mineral content velocity in boys and girls over a period of 6 
years. With permission from (Bailey et al., 1999). 
 
2.4.2 Maturation and bone development 
Maturation onset is another important component of bone mass acquisition due 
to the relationship between the pubertal timing and the PBM accrual. Maturation 
onset depends on endocrine and hormonal changes on both females and males. 
Maturity status can be assessed by X-rays to establish biological age, by 
maturity stages using the Tanner method, by markers of secondary sex 
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characteristics and by anthropometric measurements to calculate age from 
peak height velocity (PHV) (Mirwald et al., 2002, Malina et al., 2004, 
Georgopoulos et al., 2004, Tanner and Whitehouse, 1976).  
 
The Saskatchewan Paediatric Bone Mineral Accrual Study reported that PBM 
velocity was achieved 6 months later than PHV, where boys and girls obtained 
90 % of total height at PHV time but only 57 % of total bone mineral content 
BMC (Bailey et al., 1999). In addition, a large part of the BMC accrual takes 
place during the period of adolescent growth surrounding PHV, which is the 
time of the most rapid longitudinal growth (Figure 2.8). Depending on skeletal 
site, 33 % to 46 % of the adult BMC has been reported to be accrued in the 
circumpubertal years (-2 to +2 years from PHV) (Baxter-Jones et al., 2011). The 
inverse association between PHV and PBM accrual showed that children who 
reach PHV earlier tend to have higher BMC and BMD than those with a later 
age of PHV. However, in late adolescence and young adulthood there were no 
significant differences in BMC in early, middle, and late maturing males, while 
late maturing females developed less bone mass throughout adolescence than 
their early and average maturing peers (Jackowski et al., 2011a, Jackowski et 
al., 2011b). 
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Figure 2.8. Percentage adult bone accrual within 1-year of biological age categories (years 
from peak height velocity) for four sites in males: (A) total-body BMC (B), lumbar spine BMC, (C) 
total-hip BMC and (D) femoral neck BMC, Mean and 95% confidence intervals. With permission 
from (Baxter-Jones et al., 2011). 
 
2.4.3 Body composition and bone development 
The attainment of optimal PBM accretion through puberty is accompanied by 
sex specific alterations in body composition. The effects of lean mass on bone 
accretion are of particular interest because of the beneficial effects of weight-
loading on bone accretion. Muscle contractions generate forces which stimulate 
bones to adapt their shape and density to such loads (Schoenau and Frost, 
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2002). A recent systematic review (Sioen et al., 2016) on the associations 
between body composition and bone health in children and adolescents 
indicated that the contribution of lean mass to the variance of the different bone 
parameters is larger than the contribution of fat mass, and that an increase in 
lean mass is associated with an increase in bone parameters. Most of the 19 
studies included in the systematic review indicated that the increase in bone 
parameters seen in overweight and obese children and adolescents is due to an 
increase in lean mass and not due to greater fat mass (Sioen et al., 2016). 
The contribution of lean tissue to bone accretion has been a topic of numerous 
investigations. In a study of 363 healthy schoolchildren, aged 10–17 years, the 
contribution of lean mass to BMC varied by skeletal site, and was greater in 
boys (5.7–12.3 %) than girls (4.3–10.5 %). Lean mass was most strongly 
associated to BMC of the femoral neck in both sexes, whereas fat mass was 
associated to BMC of the total body and lumbar spine (Arabi et al., 2004). Fat 
mass accounted for only a small percentage of explained variance in BMC, 
although it had a higher contribution in females than males (up to 6.5 vs. 1.9 % 
explained variance). In obese children and adolescents (Petit et al., 2005), it 
has been shown that the greater femoral bone strength in obese children was 
attributed to their greater lean mass as fat mass did not contribute to measures 
of femoral strength. As obese and overweight children also have greater lean 
mass compared with normal-weight individuals, it is of interest to adjust for lean 
mass when investigating the association between fat mass and bone 
parameters. Some studies indicate that the association between fat mass and 
bone parameters are similar with and without adjustment for lean mass (El 
Hage et al., 2010, Wey et al., 2011, Leonard et al., 2004, Farr et al., 2010). 
Specifically, it has been reported that the significant associations between fat 
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mass and bone area, BMC and BMD of lumbar spine, are attenuated after 
adjustment for lean mass (Cole et al., 2012). In addition, Gracia-Marco et al. 
concluded that adolescents with higher levels of adiposity have greater bone 
mass (Figure 2.9), but that this association is explained by their higher levels of 
lean mass (Gracia-Marco et al., 2012). Also Hoy et al. indicated that bone 
quality of overweight adolescents adapts to lean mass and not to greater fat 
mass. Therefore, it is relevant to be cautious with the conclusions of studies 
reporting associations between fat mass and bone parameters without adjusting 
for lean mass (Hoy et al., 2013). 
 
Figure 2.9. BMC and BMD in relation to weight status in boys. Whole body, total hip, lumbar 
spine and femoral neck. Solid lines (Model 1) show adjustments by confounders (height, 
calcium intake, and sexual maturation). Semi-solid (Model 2) lines show adjustments by (Model 
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1 + average physical activity). Dashed lines (Model 3) show adjustments by confounders (Model 
2 + lean mass). With permission from (Gracia-Marco et al., 2012). 
 
Prospective studies have shown that lean mass accretion peaks before the 
peak bone mass accretion, suggesting a causal association between these 
measures. Rauch et al. (Rauch et al., 2004) showed that peak in lean mass 
accretion occurred, on average, 0.51 years before peak BMC accretion in girls 
and by 0.36 years in boys. Further, peak lean mass accretion was the primary 
determinant of total body peak BMC accretion, explaining 50% of the variability 
in peak BMC accretion. Using peripheral quantitative computed tomography of 
the tibia, Xu et al. (Xu et al., 2009) examined multiple indicators of bone density 
and strength in relation to changes in lean mass of the lower leg in a 
prospective longitudinal study. They showed that the peak gains in muscle 
cross-sectional area, a measure of lean mass, occurred 1 year after the peak 
gains in tibia length and total cross-sectional area, and earlier than cortical CSA, 
total BMC and cortical volumetric BMD. Thus, there are dynamic changes in the 
distribution and density of bone that occur during puberty, not all of which are 
directly responding to changes in lean mass. 
2.5 Osteoporosis and its consequences 
Osteoporosis (“porous bones”, from Greek: οστέον/osteon meaning “bone” and 
πόρος/poros meaning “pore”) is defined by the National Institute of Health (US) 
as “A skeletal disorder characterized by compromised bone strength 
predisposing a person to an increased risk of fracture” (NIH Consensus 
Development Panel on Osteoporosis Prevention and Therapy, 2001). The 
World Health Organization (WHO) further classifies osteoporosis as BMD 2.5 
standard deviations below the mean value of healthy individuals of the same 
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sex and ethnicity at the age of 30 years (Kanis et al., 2000a). Approximately 
200 million people are affected by osteoporosis worldwide and the prevalence is 
expected to increase due to an aging population (Cooper, 1999, Reginster and 
Burlet, 2006). The economic burden of osteoporosis in Europe is higher than 
most types of cancer (except lung cancer), or chronic cardiorespiratory 
diseases (Kanis et al., 2008, Johnell and Kanis, 2006) and represents a direct 
annual cost of ~ €31.7 billion to health care and social services (Kanis and 
Johnell, 2005b).  
 
2.5.1 Fracture prevalence 
Approximately 30 % of all postmenopausal women have osteoporosis in the 
United States and in Europe. At least 40 % of these women (Melton et al., 
1992) and 15-30 % of men (Randell et al., 1995) will sustain one or more 
fragility fractures in their remaining lifetime. By 2050, the worldwide incidence of 
hip fractures is projected to increase by 310 % and 240 % in men and women 
respectively (Gullberg et al., 1997). The estimated number of hip fractures 
worldwide are expected to rise from 1.66 million in 1990 to 6.26 million in 2050 
(Figure 2.10), even if age-adjusted incidence rates remain stable (Cooper et al., 
1992). 
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Figure 2.10. Age-specific and sex-specific incidence of radiographic vertebral, hip, and distal 
forearm fractures. With permission from (Cooper et al., 1992).  
 
Patients with fractures (especially hip fractures but also vertebral fractures) 
suffer loss of quality of life and mobility, long-term disability and loss of 
independence (Cummings and Melton, 2002). Only half of those ambulatory 
before a hip fracture are able to walk independently afterwards (Kanis et al., 
2000b). Fractures also increase the mortality and impose a financial burden on 
the health care system (Zethraeus et al., 2007). In men, osteoporotic fractures 
occur approximately 5-10 years later in life than in women, and after a hip 
fracture morbidity and mortality rates are higher among men (Kaufman et al., 
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2013). Low BMD is a major risk factor for osteoporotic fracture (Johnell et al., 
2005). Every SD decrease in BMD is associated with approximately a two-fold 
increase in the age-adjusted hip fracture risk in postmenopausal women, and 
with a three-fold risk increase in elderly men (Cummings et al., 1993).  
 
Other important risk factors for osteoporotic fracture are increased age, female 
sex, previous fracture history, a family history of fracture and systemic 
glucocorticoid treatment (Kanis et al., 2004a). Additional risk factors are 
smoking, excessive alcohol intake and low body mass index (BMI), as well as 
increased risk of falling related to visual impairment, treatment with sedatives or 
reduced mobility (De Laet et al., 2005). A fracture risk assessment tool (FRAX®) 
developed by the (WHO) was introduced as a method to identify patients with 
high fracture risk. It is a country-specific computer-based algorithm available 
online which calculates fracture probability based on risk factors and patient 
characteristics, with or without available measurements of femoral neck BMD 
(Kanis et al., 2009). 
 
2.5.2 Fractures during childhood and adolescence 
The annual fracture incidence increases during adolescence and it has been 
shown that a prior fracture is associated with an 86 % increased risk of any 
fracture (Kanis et al., 2004b). In addition, a decrease of 1 SD in BMC or BMD is 
associated with an increase in fracture risk (Kalkwarf et al., 2011). The lifetime 
fracture risk is 40 % for girls and 64 % for boys, highlighting the importance of 
this period of life (Cooper et al., 2004a, Hedstrom et al., 2010, Jones et al., 
2002). The incidence of non-osteoporotic fractures in 5 to 14-year-old girls 
61 
 
increases by 4 % per year and peaks later in life at the age of 85 years (Figure 
2.11). In males the fracture incidence reaches 7 % per year in late adolescence, 
and peaks at the age of 15 to 24 years, which is greater compared to females 
(Donaldson et al., 2008). 
 
Figure 2.11. Annual fracture incidence and lifetime fracture prevalence per 100 people, by age 
and sex in the English general population 2002 – 2004. Note the rise in fracture incidence in the 
adolescent years. With permission from (Donaldson et al., 2008). 
 
2.5.3 Causality and skeletal sites of paediatric fractures 
The leading cause of paediatric fractures is falls (27 %), followed by accidents 
occurring during leisure activities (25 %), at home (14 %), on playgrounds 
(11 %), and traffic (11 %) and school accidents (8 %). The majority of the 
fractures in children occur at the upper extremities (~75 %), with the lower 
extremities representing 20 %, and less than 5 % are located in the axial 
skeleton and trunk (Brudvik and Hove, 2003). The most commonly fractured site 
in children is the forearm (lower arm, radius and ulna), comprising at least one 
third of all fractures (Cooper et al., 2004b). Forearm injuries occur most often at 
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the distal end and they are as common in girls as in boys, and the incidence 
increases with the age (Hedstrom et al., 2010). Upper arm fractures comprise 
10 % of all paediatric fractures and distal humerus fractures are most common 
in children from 4 to 9 years, whereas the proximal humerus is more commonly 
injured in older children. Lower extremity fractures in paediatric patients usually 
occur at the lower leg (tibia and fibula) and foot sites (Rennie et al., 2007). 
Biological and behavioural differences are thought to explain the male 
predominance in fracture incidence and is mainly attributed to the greater 
participation to leisure activities (Joeris et al., 2014). In order to improve bone 
health and reducing the prevalence of osteoporosis and the fracture incidence 
in life, primary prevention remains the most important policy action in public 
health. It is important to acknowledge a common misconception that 
osteoporosis and osteoporotic fractures are always the result of bone loss. 
Bone loss commonly occurs in both men and women with age, however an 
individual who does not reach the optimal PBM during childhood and 
adolescence may develop osteoporosis without the occurrence of accelerated 
bone loss (NIH Consensus Development Panel on Osteoporosis Prevention 
and Therapy, 2001). Hence, it is important to highlight in the next chapters that 
osteoporosis has its origins in childhood and adolescence and that suboptimal 
bone growth during this period is as important as bone loss later in life for the 
development of osteoporosis (Gordon et al., 2016). 
 
2.6 Determinants of bone health 
Bone health during adulthood is determined by the maximum amount of bone 
mass attained during childhood and adolescence. Therefore, it is critical to 
understand the role of the determinants affecting bone acquisition during growth. 
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Osteoporosis has a strong genetic component and epidemiological studies 
show that heritable factors account 60-80 % of the variability in BMD (Mitchell et 
al., 2015, Stewart and Ralston, 2000, Bachrach, 2001), while environmental 
non-modifiable (e.g. hormones) (Vanderschueren et al., 2005, Bonjour and 
Chevalley, 2007) and modifiable (e.g. calcium, vitamin D and exercise) 
(Courteix et al., 2005, Ward et al., 2007, Lappe et al., 2014, Specker B, 2007, 
Mouratidou et al., 2013, Valtuena et al., 2012, Vlachopoulos et al., 2016) factors 
account for the remaining peak bone mass explained variance (Figure 2.11).  
 
Figure 2.12. Physiological determinants of peak bone mass. The black arrows illustrate the 
interdependency of the four types of factors. With permission from (Bonjour et al., 2009). 
 
2.6.1 Genetic predisposition 
Osteoporosis is a polygenetic disease and no single gene explains the disease. 
In twin studies several genes have been identified to be associated with 
variations in BMD and many of these genes were identified as candidate genes 
in the pathways of either bone formation or bone resorption (Duncan and Brown, 
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2010). A meta-analysis including 17 genome-wide association studies and 
32,961 individuals of European and Asian ancestry shed unique insight on the 
genetic architecture and pathophysiological mechanisms underlying BMD 
variation and fracture susceptibility (Estrada et al., 2012). The study identified 
that the genes explaining the variance of bone mass are involved in biological 
pathways, such as mesenchymal stem-cell differentiation (osteoblast/osteocyte), 
WNT signalling (osteoblast genesis) and RANK-RANKL-OPG pathway 
(osteoclast differentiation and activation). In addition, the study has identified 56 
loci associated with BMD, and 14 loci associated with osteoporotic fracture 
(Estrada et al., 2012).  
 
Previous studies identified the  collagen 1  alpha 1 (Grant et al., 1996), the 
vitamin D receptor 16 (Morrison et al., 1994), and low-density lipoprotein 
receptor-related protein 5 (Boyden et al., 2002) as determinants of BMD. Many 
loci are also associated with BMD in childhood, some with sex (Chesi et al., 
2015) and puberty (Mitchell et al., 2015) specific effects. The rare variant EN1 
and a common variant SOX6 were associated with high BMD in both children 
and adults (Zheng et al., 2015), suggesting that the risk of osteoporosis may be 
established during childhood (Mitchell et al., 2016). Recent studies that used a 
“genetic risk score” based on loci identified in adult bone studies have shown 
that genetic risk for low BMD in adulthood was associated with decreased bone 
accretion from age 9 to 17 years (Warrington et al., 2015). 
 
2.6.2 Hormones 
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Among endocrine factors, sex hormones (Riggs et al., 2002, Seeman, 2004), 
parathyroid hormone (PTH) (Pettway et al., 2008) and the growth hormone and 
insulin-like growth factor 1 (IGF-1) (Niu and Rosen, 2005) exert a specific 
impact on bone development, particularly during the phase of pubertal 
maturation. Androgen receptors have been localized in growth plate in humans 
during pubertal maturation (Abu et al., 1997, Nilsson et al., 2003). However, 
there is no evidence that androgens stimulate longitudinal bone growth by a 
direct action on the skeleton. In contrast, it is well-documented that estrogens 
play an essential role in longitudinal bone growth (Riggs et al., 2002). Estrogens 
can accelerate bone growth at the beginning of puberty and play a key role in 
the closing of growth plates in both genders (Vanderschueren et al., 
2005).  From birth to the end of adolescence, the IGF-1 system is essential for 
the harmonious development of the skeleton (Yakar and Rosen, 2003). During 
puberty, the plasma level of IGF-1 transiently rises according to a pattern similar 
to the curve of the gain in bone mass and size (Bonjour et al., 1994). IGF-1 
positively influences the growth of the skeletal pieces in both length and width.  
Thyroid hormones play pivotal role in linear development of skeleton. They are 
necessary to achieve peak bone mass, but the excess of thyroid hormones in 
childhood can lead to premature accretion of growth plates and short stature 
(Williams et al., 1998). PTH is an important regulator of 1-alpha-hydroxylase 
renal enzyme that helps to maintain the 25-hydroxyvitamin D (25(OH)D) in the 
normal range to allow an optimal calcium absorption. Regarding the PTH 
relationship with bone development, it has been shown that an increase of PTH 
levels can lead to a stimulation of osteoclast activity and bone turnover, which 
would help to maintain calcium homeostasis at the expense of bone mineral 
mass. Low levels of vitamin D, can reduce the absorption of calcium and 
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phosphorus by reducing the levels of ionized calcium and stimulating the 
secretion and action of PTH (Stagi et al., 2015). 
 
2.6.3 Smoking and alcohol 
Two lifestyle factors negatively influencing PBM are smoking and alcohol 
consumption (Emaus et al., 2014, Kanis et al., 2005). Smoking has been 
associated with reduced bone mass and increased fracture risk in adult men 
and women (Law and Hackshaw, 1997, Ward and Klesges, 2001). Less is 
known about the effect of smoking at the time of PBM accrual, but studies have 
demonstrated a negative relationship between smoking and BMD in both male 
and female adolescents (Hernandez et al., 2003, Neville et al., 2002). In the 
GOOD cohort, cross-sectional data showed that smoking was associated with 
lower BMD of especially the femoral neck, and reduced cortical thickness of the 
radius and tibia at age 18- 20 years after adjusting for age, height, weight, 
physical activity, milk consumption and drinking habit (Tamaki et al., 2011). 
Longitudinal data demonstrated that smoking was associated with impaired 
bone mass development in young adulthood (Valimaki et al., 1994). Alcohol 
intake is considered a risk factor for osteoporotic fractures, even though most 
studies indicate that it takes a quite large amount equalling three or more units 
per day (1 unit=285 ml of beer, 120ml of wine, 30ml of spirits) to consider it a 
contributor to fracture risk (Kanis et al., 2005, Berg et al., 2008). However, there 
are no studies regarding the specific effects of alcohol consumption and bone 
acquisition during growth. 
 
2.6.4 Nutrients: calcium and vitamin D  
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To achieve the full genetic potential for PBM accretion, sufficient modifiable 
environmental factors are required including nutrients and optimal skeletal 
loading (Davies et al., 2005, Bonjour et al., 2009). Nutrition is an important 
modifiable factor that can affect bone health. Over 99 % of calcium and 85 % of 
phosphorus are found in the skeleton serving as a reservoir in the case of 
deficiency, and play an essential role in calcium homeostasis (Abrams and Stuff, 
1994). Vitamin D optimizes calcium absorption and affects bone mineralization 
(Kitchin and Morgan, 2007). Traditionally, calcium and vitamin D nutrients have 
been the main focus of osteoporosis prevention strategies. The dietary 
requirements for calcium and vitamin D have been summarized by the Institute 
of Medicine in a useful article for clinicians, professionals and the public (Table 
2.1) (Ross et al., 2011). 
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Table 2.1. Calcium and vitamin D dietary reference intakes by life stage. Adapted with 
permission from (Ross et al., 2011). 
 
Life stage 
groups 
(age and 
gender) 
Calcium Vitamin D 
Recommended 
Dietary 
Allowances 
(mg/d) 
Upper limit 
(mg/d)
a
 
Recommended 
Daily 
allowances 
(IU/day) 
Serum 
25OHD level 
(ng/ml)
b
 
Upper limit 
(IU/d)
a
 
0–6 months 
(M+F) 
200
c
 1000 400
c
 20 1000 
6–12 
months 
(M+F) 
260
c
 1500 400
c
 20 1500 
1–3 years 
(M+F) 
700 2500 600 20 2500 
4–8 years 
(M+F) 
1000 2500 600 20 3000 
9–13 years 
(M+F) 
1300 3000 600 20 4000 
14–18 years 
(M+F) 
1300 3000 600 20 4000 
19–30 years 
(M+F) 
1000 2500 600 20 4000 
31–50 years 
(M+F) 
1000 2500 600 20 4000 
51–70 years 
(M) 
1000 2000 600 20 4000 
51–70 years 
(F) 
1200 2000 600 20 4000 
71+ years 
(M+F) 
1200 2000 800 20 4000 
Pregnant or 
lactating (F) 
 
14–18 years 
(F) 
1300 3000 600 20 4000 
19–50 years 
(F) 
1000 2500 600 20 4000 
M: Males, F: Females. 
a 
UL indicates level above which there is risk of adverse events. The UL is not 
intended as a target intake (no consistent evidence of greater benefit at intake levels above the RDA). 
b 
Measures of serum 25OHD levels corresponding to the RDA and covering the requirements of at least 
97.5% of the population. 
c 
Reflects AI reference value rather than RDA. RDAs have not been established 
for infants. 
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Previous studies investigating the associations between calcium intake and 
bone outcomes in children and adolescents, reported positive associations, but 
not always (Wang et al., 2003, Rizzoli et al., 2010). Calcium intake has been 
shown to increase bone mass accrual in an randomised controlled trial (RCT) in 
both prepubertal girls and boys (Bonjour et al., 1997). A 6-year longitudinal 
assessment of calcium intake on bone outcomes in a large diverse study cohort 
of 1743 children found that dietary calcium had a positive effect, after 
adjustment for age, height velocity, and physical activity, on bone accrual at the 
lumbar spine in nonblack females with no effect on other ethnic groups or in 
males (Lappe et al., 2014). Also, calcium supplementation RCTs indicate 
positive effects on BMD (Helen L Lambert, 2008, Matkovic V, 2005). A recent 
review of nine RCTs found that small (1-5%) bone accrual gains were 
associated with calcium supplementation (Weaver et al., 2016). It should be 
noted that only four of the RCTs adjusted for body size (height and weight) 
(Dibba et al., 2000, Cameron et al., 2004, Prentice et al., 2005, Cheng S, 2005). 
This is noteworthy as longitudinal growth complicates interpretation of bone 
mass changes.  
 
A systematic review on the effects of dairy products and dietary calcium on 
bone mass revealed that only 9 out of 27 RCTs reported modest benefits in 
children's bone mass ranging from 1 % to 6 %, suggesting that there is no 
conclusive evidence of the positive effects of dairy products and dietary calcium 
on bone mass in children and adolescents (Lanou et al., 2005). A different 
meta-analysis included 21 RCTs (study duration 1-2 years) with 3,821 
participants (83 % girls) aged between 4 and 17 years. The findings revealed 
that increasing the consumption of milk products and calcium intake non-
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significantly improved total body BMC by 2 g. In addition, children with calcium 
intakes below 800 mg/day had a greater increase in BMC (49 g), and vitamin D 
added to the milk supplement could potentially improve by 35 g the BMC in the 
lumbar spine. Calcium/milk supplement groups alone showed a non-significant 
improvement of 2 g in total body BMC compared to control groups (Huncharek 
et al., 2008). It should be noted that dairy products, such as milk and yogurt, 
include other nutrients, such as protein, that might enhance the effect of calcium 
on bone outcomes. It has been found that the effects of dietary protein on bone 
mineral mass in young adults may be modulated by adolescent calcium intake 
(Vatanparast et al., 2007). A different meta-analysis of 19 studies, concluded 
that calcium supplementation in healthy children had no effect on BMD at the 
hip or spine, but a small positive effect was seen on BMD of the upper limb 
(Winzenberg et al., 2006). Few of the studies included in the review were 
performed in children with low baseline calcium intake. 
 
Vitamin D is essential to bone mineralization because of its effects on intestinal 
calcium absorption and on bone mineral accrual (Sopher et al., 2015, Rizzoli et 
al., 2010). Vitamin D levels in the body are influenced by genetic factors, dietary 
intake and mainly by endogenous synthesis in the skin following sunlight 
exposure, and more specifically ultraviolet B radiation (Wang et al., 2010, Spiro 
and Buttriss, 2014). Clinical vitamin D (in)sufficiency in young people includes 
the following categories: severe deficiency of vitamin D when (25(OH)D levels 
are below 27.5 nmol/L, deficiency between 27.5 nmol/L and 50 nmol/L, 
insufficiency between 50 nmo/L and 75 nmol/L and sufficiency above 75 nmol/L 
(Gonzalez-Gross et al., 2012b). It should be noted that the definition of sufficient 
25(OH)D levels in adolescents is controversial between countries and 
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continents and therefore predefined cut-offs are used to define optimal levels 
≥75 mmol/L and insufficiency <75 mmol/L (Valtuena et al., 2012). Depending on 
the magnitude and the skeletal site, deficiency in vitamin D may lead to rickets 
and increase fragility by reducing the absorption of calcium in the skeleton 
(Pettifor, 2005).   
 
Insufficient vitamin D status has been observed in European adolescents from 9 
different countries, aged 12.5 to 17.5 years participating in the Healthy Lifestyle 
in the Europe by Nutrition in Adolescence (HELENA) study. After adjusting by 
age, sex and weight status, it was revealed that 15 % of adolescents were 
severely deficient, 27 % were deficient and 39 % insufficient for their 25(OH)D 
levels (Gonzalez-Gross et al., 2012b). The daily dose of vitamin D in children 
and adolescents is a matter of debate indicating that optimal vitamin D levels 
should be maintained throughout the year. On this note, in the northern 
hemisphere at latitudes greater than 40°N (north of Madrid), the sunlight is not 
strong enough to trigger vitamin D synthesis in the skin from October to March 
(Spiro and Buttriss, 2014). In a review and meta-analysis of 6 studies, the 
authors concluded that it is unlikely that vitamin D supplements are beneficial 
for bone health in children and adolescents with normal vitamin D levels, but 
supplementation in deficient children and adolescents could result in clinically 
important improvements in bone density (Winzenberg et al., 2011). In addition, 
subgroup analyses showed that the vitamin D effect was more pronounced in 
prepubertal or early pubertal vs post-pubertal girls, as well as in those with a 
lower compared with higher baseline 25(OH)D. Therefore, there may be a 
“critical window” in pre or early pubertal children with deficient vitamin D levels 
during which the skeleton is most receptive to the effects of vitamin D. 
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2.6.5 Interactions between nutrition and exercise 
Calcium, vitamin D and exercise have been shown to independently influence 
bone mineral accrual in young people. However, there is evidence suggesting 
that exercise interacts with calcium intake (Ward et al., 2007, Lappe et al., 2014, 
Specker B, 2007) and vitamin D levels (Valtuena et al., 2012, Bonjour et al., 
2013, Mouratidou et al., 2013) to improve bone status and that the combined 
effects of exercise and nutrition are greater than the isolated effects to improve 
bone development (Courteix et al., 2005, Vlachopoulos et al., 2016). 
 
The effects of calcium and exercise on bone health were investigated in 113 
pre-pubertal females for 12 months (Figure 2.13). Girls were separated into four 
groups: two exercise groups (7 ± 4 hours of sport participation per week) that 
received 800 mg of calcium phosphate (exercise/calcium) or placebo 
(exercise/placebo) and two sedentary groups (1± 1 hours of sport participation 
per week) that received 800 mg of calcium phosphate (sedentary/calcium) or 
placebo (sedentary/placebo) (Courteix et al., 2005). The findings showed that in 
the exercise/calcium group there was a 6.3 % greater BMD at the total body, 
11 % at the lumbar spine, 8.2 % at femoral neck and 9.3 % at Ward’s triangle 
compared to other groups. It should be mentioned that exercise might increase 
the calcium intake requirements by 422 mg due to calcium excretion through 
sweat following exercise at intensities. This was observed in adults but there is 
no evidence in young people (Bullen et al., 1999, Klesges et al., 1996). 
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Figure 2.13. Bone mineral density gains (Δ) in four groups at total body, femoral neck, lumbar 
spine and trochanter sites after calcium supplementation and exercise intervention period of 12 
months. Adapted with permission from (Courteix et al., 2005). 
 
The positive combined associations between calcium, vitamin D and bone 
status have been shown in adolescents at different sites of the skeleton and at 
different maturation stages (Neville et al., 2002). The relationship between 
physical activity and 25(OH)D concentration was investigated in 100 
adolescents aged 12.5-17.5 years after controlling for calcium and vitamin D 
intakes, maturation, age, sex, season, physical activity and fitness level. 
Findings revealed that the interaction between 25(OH)D levels and physical 
activity was significantly related to BMC at TB and legs. Furthermore, it was 
found that the active group of adolescents had increased total BMC when the 
vitamin D levels were sufficient (>75 nmol/L) (Valtuena et al., 2012). The 
beneficial effects of physical activity have been also demonstrated in 
participants with vitamin D deficiency. It has been reported that adjusted BMD 
for age, BMI, parathyroid hormone and bone turnover markers was positively 
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related to physical activity at total body, femoral neck and lumbar spine sites in 
166 adolescent girls with vitamin D deficiency (Constantini et al., 2010). 
 
Previous evidence indicates that the combined effects of calcium and vitamin D 
may not have a beneficial effect on BMC and BMD in adolescents. A study of 
101 adolescents aged 12.5-17.5 years examined the relationship between 
calcium, vitamin D, milk intake, 25(OH)D and bone status after adjusting the 
BMC and BMD for a number of cofounding variables such as height, family 
affluence scale, maturation status, season and physical activity (Mouratidou et 
al., 2013). There was no association between calcium and vitamin D intake and 
BMC and BMD at any skeletal site. However, a positive relationship was found 
between milk intake and BMD and BMC in boys and BMD was associated with 
calcium intakes. In girls there was a significant positive relationship of 25(OH)D 
and BMC and BMD at total body, subtotal, left and right arm. These results are 
in agreement with the findings of a meta-analysis indicating that increases in 
bone mass of children following calcium, milk and vitamin D supplementation, 
were not positive in some studies due to genetic or environmental factors, such 
as physical activity (Huncharek et al., 2008).  
 
The contribution of physical fitness to the relationship of bone status and dietary 
nutrients has been verified by a study that investigated the association of 
physical fitness and body composition with 25(OH)D levels in 1006 adolescents 
(Valtuena et al., 2013). Physical fitness was positively related to 25(OH)D levels 
in boys and upper limp muscular strength was associated with 25(OH)D levels 
in girls. In addition boys with higher fitness levels and lower BMI had 
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significantly higher 25(OH)D levels compared to those with lower fitness levels 
(Valtuena et al., 2013). A study in 755 males aged 18.7 years highlighted a 
significant interaction between milk consumption and exercise duration with 
DXA and pQCT bone outcomes (Ruffing et al., 2006). Specifically, there was a 
significant interaction between milk intake and prior exercise in relation to 
cortical thickness. In addition, only males with high prior exercise duration 
showed a skeletal benefit of the exercise if milk intake was greater than one 
glass per day (Figure 2.14). 
 
Figure 2.14. Interaction between milk and exercise during the prior year on cortical thickness of 
the tibia in 755 males aged 18.7 years. With permission from (Ruffing et al., 2006). 
 
2.7 Bone mechanoadaptation (“May the force be with you”)  
Physical activity effects on bone can be mechanistically explained by 
mechanoadaptation (Tobias et al., 2014). According to Wolf’s law, when the 
loading on a particular bone increases, the bone remodels itself over time to 
become stronger to resist that loading (Wolff, 1986). This principle provided a 
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basic understanding of skeletal modification and guided the future research 
focusing on the factors that influence bone physiology. The mechanostat theory, 
proposed by Frost, describes the relationship between loading of bones and 
subsequent adaptations of bone mass and geometry (Frost, 1987). The theory 
is based on the combination of ideas that mechanical forces and non-
mechanical forces influence bone integrity. The mechanostat suggests that a 
group of mechanisms monitor how the bone is stressed, integrate this 
information, and stimulate bone cells to either increase or decrease bone 
strength in response to specific levels of mechanical usage (Frost, 1987, Frost, 
2003). 
 
Turner suggest that short-duration and high intensity loading movements of a 
sufficient magnitude stimulate bone cell responsiveness and induce bone 
adaptations by increasing bone strength. Thus, the muscle forces acting on 
bone must be rapid, powerful, and changing in magnitude and direction in order 
to stimulate bone adaptation (Turner, 1998). The relationship between muscle 
and bone led to the idea of a functional “bone-muscle unit,” suggesting that 
muscle strength (either increased or decreased) should affect bone strength in 
the same direction (Schoenau and Frost, 2002). Furthermore, it was suggested 
that activities involving maximal-force muscle contractions and/or activities 
involving rapid accelerations of the body place substantial loads on bones and 
stimulate an increase in bone strength (Schoenau and Frost, 2002). 
 
Table 2.2 Four regions of elastic bone deformation which result in different 
consequences on the control loop. 
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States Strain 
Thresholds 
Modelling 
Remodelling 
Result 
 
Disuse 
 
Strain < circa 
800 μStrain 
 
Remodelling  
Bone adaptation 
and bone repair 
 
Bone mass and 
bone strength is 
reduced. 
 
Adapted State 
 
Circa1500 
μStrain < 
Strain > circa 
800 μStrain 
 
Remodelling 
Bone repair 
 
Bone mass and 
bone strength 
stays constant 
 
Overload 
 
Strain > circa 
1500 μStrain 
 
Modelling 
Bone growth 
 
Bone mass and 
bone strength is 
increased 
 
Fracture 
 
Strain > circa 
15000 μStrain 
Maximum 
elastically 
deformation 
exceeded 
 
Bone fracture 
According to this a typical bone, the tibia has a security margin of about 5 to 
7 between typical load (2000 to 3000 μStrain) and fracture load (about 
15000 μStrain). 
 
Harold Frost combined the bone and muscle physiology with the mechanostat 
theory to develop the Utah paradigm of skeletal physiology (Frost, 2000). The 
Utah paradigm is based on the mechanostat theory and provides an 
explanation for the relationship between strong muscles and strong bones. The 
latter was explained by describing how the muscle (mechanical) forces 
transmitted to bone can play a dominant role in controlling the biological 
mechanisms that influence bone mass and geometry (Frost and Schonau, 
2000). The Utah Paradigm has two basic propositions: Proposition 1 states that 
“Bones have the main purpose of providing only enough strength to keep 
voluntary physical loads, whether subnormal, normal, or supranormal, from 
causing spontaneous fractures” (Frost, 2001). This proposition includes the 
mechanostat theory, describes how bones adapt to previous and current 
mechanical usage, and indicates that the mechanical forces caused by muscle 
contractions primarily are responsible for meeting the thresholds required for 
stimulating bone adaptation (Frost, 2001, Frost, 2000). Proposition 2 states that 
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“All osteoporosis and osteopenias accompany reduced whole-bone strength” 
(Frost, 2000). Proposition 2 focuses into the relationship between tissue-level 
biological mechanisms, such as osteoclast and osteoblast activity, and 
mechanical factors, such as the loads placed on the bones, and how these 
mechanisms work together in determining whole bone strength in response to 
mechanical use or disuse (Frost, 2001, Frost, 2000). The Utah paradigm and 
the relationship between these mechanisms state that the biological 
mechanisms determining bone strength need bone cells and non-mechanical 
factors in order to influence bone strength (Figure 2.15). In addition, it states 
that mechanical factors guide the biological mechanisms in influencing bone 
strength, that neural physiology and anatomy are responsible for the control of 
the biological mechanisms, and that the non-mechanical factors involved can 
enhance or decrease but never replace the impact of mechanical forces on 
determining bone strength (Jee, 2000). Despite the bone loss due to disuse 
according to the Utah paradigm, it will be of interest to see whether inadequate 
loading or non-weight bearing loading, such as swimming and cycling, will result 
in bone deterioration.  
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Figure 2.15. Mechanostat: Modeling and Remodeling Thresholds. Available for free use (Frost, 
2000). 
 
Taking into account the mechanostat theory and the Utah paradigm, in real life 
the bone adapts to the forces experienced by increasing mass and remodelling 
in a way to increase strength relative to the loading condition. The manner in 
which this occurs is twofold, affecting either the endosteal or periosteal cortical 
bone surfaces, or both surfaces concurrently. The greatest immediate 
contribution to fracture resistance is gained when new bone is added to the 
periosteal surface (Seeman and Delmas, 2006). Because bone is lost from the 
endosteal surface during adulthood, exercise-induced increases to the 
periosteum are likely to help maintaining the bone’s resistance to fracture with 
age. Periosteal apposition is the predominant effect in response to increased 
physical activity during growth, particularly in early puberty. Results from animal 
studies suggest that early exercise-induced alterations to bone structure persist 
through senescence, significantly reducing fracture risk in older age (Warden et 
al., 2007). In addition to bone mass adaptations due to physical activity during 
childhood and adolescence it is important to measure the structural and 
strength adaptations of the skeleton when possible, as animal studies indicated 
that external loading induced only small changes in bone quantity (<10 %) in 
comparison to structural and strength adaptations (>60 %) (Warden and Fuchs, 
2009). Figure 2.16 presents the theoretical representation of the additive effect 
of exercise-induced periosteal expansion on growth-related changes to the 
skeleton and the potential protective effect this may have on risk for fracture in 
later life (Warden and Fuchs, 2009). 
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Figure 2.16. Bone structural changes attributed to growth and aging (A) contrasted with the 
additive effects of exercise during growth and the subsequent benefits to life-long skeletal 
health if effects persist into older adulthood (B). With permission from (Warden and Fuchs, 
2009). 
 
2.8 Physical activity and bone health 
Physical activity is defined as any bodily movement produced by skeletal 
muscles that require energy expenditure above resting level (World Health 
Organization, 2010). Current recommendations for health and wellbeing 
indicate that children and adolescents (5-18 years) should engage in 60 or more 
minutes per day of moderate to vigorous-intensity physical activity (MVPA), 
including: 1) vigorous-intensity physical activity (VPA) at least 3 days per week; 
2) muscle-strengthening physical activity at least 3 days per week; and 3) bone-
strengthening physical activity at least 3 days per week (World Health 
Organization, 2010, U.S. Department of Health, 2008). Recent findings in UK 
suggest that less than 1 % of girls and only 7 % of boys are meeting the current 
physical activity recommendations for health (Department of Health, 2013) and 
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physical activity levels are known to decline by approximately 65% during 
adolescence (Dumith et al., 2011). In addition, a meta-analysis on the 
effectiveness of interventions to increase physical activity in children including 
30 studies and 6,153 boys and girls with a median intervention duration of 26 
weeks, found minimal increases in MVPA (approximately 4 minutes per day) 
(Metcalf et al., 2012). The later highlights the need for alternative physical 
activity interventions to improve bone health in children and adolescents. 
 
The role of physical activity to improve bone and especially of weight-bearing 
nature is considered an important determinant of the accrual and maintenance 
of bone mass due to the ability of the skeleton to adapt to the loads under which 
it is placed. The engagement in physical activity is, therefore, particularly 
important for the skeleton during childhood and adolescence due to the ability of 
the skeleton to adapt to mechanical loading after exercise (Bielemann et al., 
2013). A review of 19 cohort studies from childhood to adulthood highlighted the 
importance of physical activity during growth and its link with bone mass later in 
life. The positive association was higher in males than in females at the femoral 
neck and lumbar spine sites (Bielemann et al., 2013). The results of the six-year 
Saskatchewan Paediatric Bone Mineral Accrual study showed that girls and 
boys classified in the highest physical activity quartile, measured by 
questionnaires, acquired 17 % and 9 % higher adjusted total body BMC 
compared with their inactive peers one year after peak BMC velocity. At the 
lumbar spine site, active children displayed 18 % higher BMC (adjusted for 
weight and height) one year after peak BMC velocity. In addition, there was a 
difference of 7 and 11 % in active and inactive boys and girls respectively at the 
femoral neck (Bailey et al., 1999). In a continuation of this study, the authors 
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examined whether the positive effects of physical activity on BMC acquired in 
adolescence preserved into the second and third decade of life (Figure 2.17). 
Furthermore, active boys had 8-10 % greater adjusted BMC for weight, height, 
calcium intake, physical activity during adulthood and maturation status at total 
body, femoral neck and total hip in adulthood. In addition, active girls had 9-10 % 
higher adjusted BMC at total hip and femoral neck in young adulthood (Baxter-
Jones et al., 2008). These results highlight the importance of physical activity 
not only for augmenting bone health status during childhood and adolescence 
but also in later adult life. 
 
Figure 2.17. Adjusted total body, lumbar spine, total hip and femoral neck BMC by inactive, 
average and active adolescent activity groups at 1 year after peak height velocity. Adjusted 
means (SE) (height and weight covariates); **significantly greater (p<0.05) than inactive and 
average groups, *significantly greater (p<0.05) than inactive group. With permission from 
(Baxter-Jones et al., 2008). 
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2.9 Intensity of physical activity and bone health 
The optimal thresholds of physical activity that induce positive changes on bone 
outcomes depend on the method used to assess physical activity, the cut-off 
points used to classify physical activity intensities and the time sampling interval 
(epoch) used, and the control of potential covariates. Findings from the cross-
sectional HELENA study in 380 adolescents found that the recommended 
amount of 60 minutes of MVPA per day was insuffıcient to classify adolescents 
in a group with increased bone mass. In addition, less than 41 and 45 minutes 
of MVPA per day are associated with reduced bone mass at the trochanter and 
femoral neck. At least 78 minutes of MVPA were needed to find an association 
with increased BMD at the femoral neck. Regarding vigorous physical activity 
(VPA), more than 28 minutes/day for the hip and intertrochanter and more than 
32 minutes per day for the femoral neck were associated with increased BMD 
(Gracia-Marco et al., 2011a). In a different cross-sectional study in 4,457 11-
year-old boys and girls from the Avon Longitudinal Study of Parents and 
Children, it has been shown that MVPA were positively associated with lower 
limb BMC after controlling for height, lean and fat mass (Figure 2.18). More 
specifically, lower limb BMC was 4.9 % higher in children with MVPA levels in 
the top versus bottom quartile (Tobias et al., 2007). 
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Figure 2.18. Effect of total MVPA on lower limb BMC. Figure shows mean BMC (g) ± SE 
according to quartile of total MVPA. Results were adjusted for age of DXA scan, sex, socio-
economic factors, and height + lean mass + fat mass (n=4457). p < 0.001 (F test for difference 
between quartiles) with permission form (Tobias et al., 2007). 
 
The sustained effect of childhood physical activity into adolescence and even 
young adulthood has been demonstrated in the Iowa Bone Development Study 
that observed 333 children at ages 5, 8, and 11 years by measuring physical 
activity using accelerometers and bone outcomes using DXA (Janz et al., 2010). 
Children were grouped by their activity level at age 5 years to investigate the 
effect of the age-5 physical activity on BMC at ages 8 and 11 years. Children in 
the most active quartile at age 5 years had adjusted BMC values at age 8 years 
ranging between 6 % and 14 % greater than those in the lowest activity quartile 
at age 5 years. By age 11 years, those who were most active at age 5 years still 
had 4-7 % greater BMC after adjusting for age, height, weight, and current 
physical activity (Figure 2.19). Although the magnitude of the benefits reduced 
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over time, the benefits of being highly active, even at age 5 years, positively 
affected bone mass into early adolescence. 
 
Figure 2.19. Mixed model means of Iowa Bone Development Study cohort contrasting the hip 
bone mineral content (BMC) (g) at ages 8 and 11 years in the most active and least physically 
active quartiles of boys and girls at age 5 years with adjustment for age, weight (wt), height (ht), 
maturity, and current physical activity (at age 8 and 11 years). N = 333 children. With 
permission from (Janz et al., 2010). 
 
Despite the existing evidence on the effects of physical activity on bone 
development, not all types of physical activity have equivalent effects on bone 
development. Physical activity is a categorical term including light leisure 
activities but also others more vigorous such as organized sport or intentional, 
organised exercise. The osteogenic potential of a particular physical activity is 
conditional upon the magnitude of the applied load, the rate at which the load is 
applied, the duration of the loading bout, and the novel nature of the load 
(Bauer, 2003). Physical activities shown to have the greatest osteogenic effects 
on the growing skeleton are those characterized by a considerable loading 
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magnitude applied at a rapid rate. Greater forces, delivered quickly through 
activities, such as jumping, seem to convey the greatest benefits to bone 
mineralization and structure in children and adolescents. These activities 
typically are weight-bearing activities because body weight increases the 
magnitude of loading. Therefore, whilst participation in MVPA is considered 
beneficial for bone development in youth, this may not be the case for all forms 
of exercise as bone adaptations depend on the loading applied on the skeleton. 
Accordingly, it is important to understand how bone health outcomes are altered 
in response to different types of exercise or sports participation in childhood and 
adolescence. 
 
2.10 Sport participation and bone health 
Sports participation is an organised activity, which aims to maintain and improve 
physical ability and skills. Participation in sport is part of most children’s and 
adolescent’s lives and has numerous health benefits and is crucial for healthy 
skeletal development, however not all sports have a positive influence on bone 
mass. Most of the research conducted to date focusses on females, with limited 
evidence comparing bone mass in male athletes. Bone development is 
dependent on the mechanical load produced due to the specific sport practised 
and the forces applied on the skeleton that trigger bone modelling and 
remodelling (Wolff et al., 1999). Prolonged participation in weight bearing 
activities, may elicit greater improvements in BMC and BMD compared to non-
weight bearing activities, which may decrease or not affect bone development in 
children and adolescents (Hind and Burrows, 2007). According to their potential 
to augment bone mass and geometry during growth, sports can be described as 
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osteogenic (weight-bearing and intense exercise) or non-osteogenic (non 
weight-bearing and light exercise) (Courteix et al., 1998, Bass et al., 2002, 
Duncan et al., 2002a, Faulkner et al., 2003, Ward et al., 2005, Tournis et al., 
2010, Dowthwaite et al., 2012, Ferry et al., 2013, Maimoun et al., 2013a). 
However, previous evidence exists only female athletes as it was summarised 
in a recent systematic review on the influence of physical activity on bone 
strength in children and adolescents (Tan et al., 2014). 
 
Football is the most popular sport worldwide and considered as an osteogenic 
sport and is related to augmented bone mass both in childhood and 
adolescence (Ara et al., 2006, Vicente-Rodriguez et al., 2004a, Krustrup et al., 
2010, Calbet et al., 2001). A previous study showed a 13-24 % higher BMC in 
22.3 year old footballers, who had been playing football for the last 12 years, 
than non-active controls (Calbet et al., 2001). A different study compared BMC 
in 11.7 year old male footballers, who trained for 2 to 5 hour per week, with 
controls at baseline and after 1 year of training. The findings showed that there 
were no differences between the groups at baseline, but after 1 year footballers 
gained significantly higher BMC at most skeletal sites compared to controls. 
Also, it was noted that the bone gains were greater at total body and weight-
bearing (the lumbar spine, total hip, and supporting leg) than non-weight-
bearing bones (dominant arm and non-dominant arm) in boys who became 
pubescent during the 1 year studied period than in boys who remained 
prepubescent (Zouch et al., 2014). Evidence in prepubescent male footballers 
shows that football participation of at least 3 hours per week exhibit greater 
BMC at the lumbar spine femoral neck and trochanter skeletal sites compared 
to non-athletic controls. In addition, the same study indicated that footballers 
88 
 
had significantly better performance in physical fitness tests, such as 20 m 
shuttle run test (20mSRT) and vertical jump (Vicente-Rodriguez et al., 2003). 
The authors also performed a multiple regression analysis showing that height, 
body composition and fitness tests were significant predictors of total body BMC 
(r=0.92) and BMD (r=0.69), highlighting their potential to detect bone status in 
adolescent athletes and children (Vicente-Rodriguez et al., 2003). A different 
study followed male footballers for 3 years and a comparison of bone status 
with controls showed that footballers gained twice as much femoral neck and 
intertrochanteric BMC than the control group (Figure 2.20) and their mean hip 
BMD by a third more than the control group (Vicente-Rodriguez et al., 2004a). 
 
Figure 2.20. Increments in BMC and BMD at different skeletal sites after 3 years in footballers 
and controls. With permission from (Vicente-Rodriguez et al., 2004a). 
 
In contrast, sports such as swimming and cycling could be considered “non-
osteogenic” although the supporting evidence is unclear (Andreoli et al., 2012, 
Ferry et al., 2013, Greenway et al., 2012, Ferry et al., 2011, Dias Quiterio et al., 
2011, Tenforde and Fredericson, 2011). A meta-analysis of 64 studies 
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summarised the effects of swimming on bone mass and reported that swimmers 
had lower BMD that athletes of high impact sports and similar values than 
controls. However, swimmers had higher bone turnover than controls and this 
may result in better bone structure (Gomez-Bruton et al., 2013). In addition, the 
pure swimming training was compared with swimming training with participation 
in other weight-bearing and with controls in adolescents using DXA and QUS 
bone outcomes. The findings showed that male pure swimmers had lower BMD 
and BMC at several skeletal sites than their control peers. However, those 
engaged in other sports other than swimming, had lower BMC only at lumbar 
spine. Also, male pure swimmers had lower BMD and BMC than swimmers who 
were involved in other sports. Female pure swimmers had higher arm BMD and 
lower leg BMC than female controls, while female swimmers who were involved 
in other sports had only lower leg BMC than female controls. No differences 
observed in QUS parameters between swimmers and controls and all the 
results were controlled for height, calcium intake, lean mass and pubertal status 
(Gomez-Bruton et al., 2015).  
 
Evidence regarding the effects of cycling on bone health is still controversial. A 
recent systematic review on the effects of road cycling on bone health that 
included 31 studies concluded that cycling does not appear to confer any 
significant osteogenic benefit (Olmedillas et al., 2012). A study comparing bone 
mass in adolescent cyclists who trained for 10 hours a week for over two years 
with sedentary controls found no differences at total body BMC but leg BMC 
was lower in cyclists compared to controls, but the differences disappeared 
after controlling for body weight (Rico et al., 1993a). Some studies also report 
no difference on bone outcomes between cyclists and controls (Duncan et al., 
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2002b, Warner et al., 2002, Barry and Kohrt, 2008, Rector et al., 2008).  
However, a study in adolescent cyclists (< 17 years of age) compared bone 
status with age matched controls who were involved in recreational sports 
activities. The results showed that cyclists had 10 % lower BMC in legs, 
adjusted for total lean mass and height, despite the 8 % higher BMC in the hip 
area compared with the control group (Olmedillas et al., 2011). In addition, the 
BMC of cyclists over 17 years was 26.5 %, 15.8 % and 14.4 % lower at the 
pelvis, femoral neck and legs skeletal sites while the BMD was 8.9 % to 24.5 % 
lower at the whole body, pelvis, total hip, trochanter, intertrochanter, femoral 
neck and legs (Olmedillas et al., 2011). These findings in swimmers and cyclists 
could indicate that participation in these sports might be a barrier for obtaining a 
high PBM which may compromise future bone health (Tenforde and 
Fredericson, 2011, Scofield and Hecht, 2012, Andreoli et al., 2012).  
 
The importance of sport participation for bone development and the effects of 
different loading sports on BMD has been also highlighted by longitudinal 
studies. A 27-year follow up study in 154 Belgian boys aged 13 years at 
baseline showed long-term positive effects of osteogenic sport participation on 
BMD. Specifically engagement in high impact sports (ground reaction forces> 4 
times body weight) during adolescence and adulthood resulted in significantly 
higher BMD (1.12 g/cm2) at lumbar spine compared to participants that stopped 
high impact sports in adulthood (BMD= 1.01 g/cm2) or did not engage in high 
impact sports during adolescence and in adulthood (BMD= 0.99 g/cm2) (Van 
Langendonck et al., 2003). A 14-year follow up of elite female gymnast has 
shown that premenarcheal gymnasts had significantly greater size-adjusted 
total body, lumbar spine, and femoral neck BMC (15 %, 17 %, and 12 %, 
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respectively) than non-gymnasts. Ten years after retirement, gymnasts had 
maintained similar size-adjusted total body, lumbar spine, and femoral neck 
BMC differences (p<0.05) (13 %, 19 %, and 13 %, respectively) when 
compared with non-gymnasts (Erlandson et al., 2012). A different 12-year 
longitudinal study investigating the effects of different loading sports (Figure 
2.21), such as badminton and ice hockey, on BMD has shown that participation 
in osteogenic sports during adolescence can maximize peak BMD in males 
compared to non-osteogenic sports and controls (Tervo et al., 2010).   
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Figure 2.21. Changes in BMD during the 12-year study period. The mean BMD values 
presented are not adjusted for (a) humerous, (b) total body, (c) lumbar spine, (d) femoral neck 
and (e) legs skeletal sites. With permission from (Tervo et al., 2010). 
 
A comparison between adolescent female swimmers and footballers found that 
swimmers had significantly lower BMD at all sites compared to footballers, and 
swimmers had lower values compared with the controls (Ferry et al., 2011). In 
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spite of the controversial surrounding sports such as swimming and cycling in 
terms of bone health in females, there is no evidence comparing the effects of 
these sports on bone outcomes of males athletes involved in these popular 
sports. In addition to BMD and BMC gains, exercise can also influence the 
structural bone outcomes (Hind et al., 2012b). A combination of bone quantity, 
quality and microarchitecture outcomes can provide important information 
regarding bone adaptations during growth. In addition, bone turnover markers 
can provide further cellular bone responses (Jurimae et al., 2010). A cross-
sectional study comparing bone geometry estimates using HSA in young (22 
years) female football players and sedentary controls found that total hip BMD, 
femoral neck BMD and HSA parameters (7-17%) were significantly higher in 
football players compared to controls after adjusting for body weight (El Hage, 
2013). Another cross-sectional study in female artistic gymnasts, rhythmic 
gymnasts, swimmers and controls showed that artistic gymnasts had higher 
BMD than swimmers and control at all bone sites and higher values than 
rhythmic gymnasts in the lumbar spine and radius (Maimoun et al., 2013b). The 
previous study assessed HSA parameters and reported that CSA, cortical 
thickness and the buckling ratio were significantly higher in both gymnast 
groups compared with swimmers and controls. Also, reduced bone remodelling 
was observed in rhythmic gymnasts compared with artistic gymnasts only when 
groups were subdivided according to menarcheal status (Maimoun et al., 
2013b). In addition, after 1 year of sport specific training, female rhythmic 
gymnasts gained significantly higher BMD compared to swimmers and controls 
at the femoral neck region (Maimoun et al., 2013a). In a study of adolescent 
female athletes (Figure 2.22), it was reported a greater increase in 
subperiosteal width in footballers compared to swimmers, and the endocortical 
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diameter significantly reduced in swimmers after 8 mouths of sports training 
(Ferry et al., 2013). The differences observed in bone mass between 
osteogenic and non-osteogenic sports are likely to be explained by the 
mechanical loading of the skeleton according to the impact of produced by the 
movement specific patterns (Greene and Naughton, 2006a). To date, studies 
evaluating bone-related outcomes in female athletic groups have mainly 
focused in BMD and BMC outcomes provided by DXA (Ubago-Guisado et al., 
2015a, Falk et al., 2010, Maimoun et al., 2013b, Michalopoulou et al., 2013). To 
the author’s knowledge, there are no studies comparing bone status of male 
adolescents across different sports using a combination of DXA, HSA, TBS, 
QUS and bone markers alongside the adjustment of outcomes for key 
confounding variables, such as age, maturation, height, calcium intake, regions 
specific lean mass and physical activity.  
 
Figure 2.22. Schematic representation of the percentage geometric changes at the femoral 
shaft after an 8-month training season: subperiosteal width had significantly increased in 
football players, not in swimmers whereas endocortical diameter (ED) had contracted in 
swimmers, not in football players. With permission from (Ferry et al., 2013). 
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A recent systematic review and meta-analysis on the effect of swimming during 
childhood and adolescence on BMD concluded that swimming does not appear 
to be an effective sport for improving BMD, and swimmers might be in need of 
additional osteogenic exercises for increasing BMD values (Gomez-Bruton et al., 
2016b). In addition, a different study indicated that swimmers not engaged in 
other sports had lower BMD at many skeleton sites than swimmers engaged in 
other sports (Gomez-Bruton et al., 2014). The latter indicates that if athletes of 
non-osteogenic sports participate in other weight-bearing exercises, they may 
have important benefits on their bone health. Therefore it would be of interest to 
test whether adding some weight-bearing exercises such as jumps, can 
enhance bone mass due to the high ground reaction forces applied in the 
growing skeleton (McKay et al., 2005a).  
 
2.11 Jumping interventions and bone heath 
Physical activities characterized by a high intensity and considerable loading 
magnitude shown to have a great osteogenic effect on the growing skeleton. 
Ground reaction forces, delivered through activities such as jumping, seem to 
induce the greatest benefits to bone mineralization and structure in children and 
adolescents (Figure 2.23). These activities typically are weight-bearing activities 
because body weight increases the magnitude of loading. Evidence supports 
the activities with the most osteogenic potential have ground reaction forces 
greater than 3.5 times body weight (per leg), with peak force occurring in less 
than 0.1 s. (McKay et al., 2005a, Hind and Burrows, 2007, Gunter et al., 2012). 
The peak force during walking (a low-impact activity) is lower in comparison to 
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running and even lower compared to jumping (a high-impact activity). In 
addition, it takes more the time to reach peak force during walking or running, 
but the time is much lower during jumping. This is important because the 
combination of force magnitude and the rate at which the force is applied, 
determines the impact of the activity. 
 
Figure 2.23. Ground reaction forces (measured in portions of bodyweight) and loading rates 
experienced by a prepubertal female child during quiet standing, walking, running, and a drop 
landing from a 61-cm height. All recorded values are from a single leg. Values for the drop jump 
were derived from a two-foot drop landing on dual force plates. Values for standing reflect 0.5 
body weight per leg while standing on two feet, one foot on each plate. With permission from  
(Gunter et al., 2012). 
 
The majority of jumping intervention studies conducted in school-based 
environment but no evidence exists for athletics groups. A systematic review of 
RCTs showed that weight-bearing activities (i.e. games, dance resistance 
training and jumping exercise) eliciting ground reaction forces of 2-9 times body 
weight can effectively improve bone mass by 0.9-4.9% in pre-pubertal children, 
97 
 
1.1-5.5 % in early pubertal and 0.3-1.9 % in pubertal children and adolescents 
(Hind and Burrows, 2007). These findings are in agreement with a recent meta-
analysis of 27 studies addressing the impact of weight bearing activities (i.e. 
body weight, resistance training machines or both) on BMC and BMD of 2,985 
boys and girls aged 10.3 ± 2.7 years. The results revealed small effect sizes of 
0.17 (0.05-0.29) for BMC and 0.26 (0.02-0.49) for BMD. Research thus far 
indicates that at least 7 months of impact exercise are needed to induce a 
measurable change in bone mass in children (Gunter et al., 2008a, Gunter et al., 
2008b, Hind and Burrows, 2007). 
 
To date, the most of the exercise intervention studies used jumping intervention 
programmes due to the increased ground reaction forces applied on the 
skeleton and the easier implementation. Fuchs et al. found that 7 months of 
jumping intervention (drop landings from a 2-ft height) three times per week 
during the school days induced significantly greater BMC at the femoral neck 
(4.5 %) and lumbar spine (3.1 %) in children compared with controls after 
controlling for initial age and bone values, and changes in height and weight. 
Children started by performing 40-50 jumps per session, and increased to 100 
jumps, and ground reaction forces were measured between 3.5 and 4.5 times 
body weight per leg (Fuchs et al., 2001). The researchers followed the 
participants over 14 months and found that the intervention group maintained 4 % 
greater femoral neck BMC and bone are compared to the control group (Fuchs 
and Snow, 2002). In a different study, MacKelvie et al conducted a 7-month 
intervention that included 10 minutes of varied jumping activities three times per 
week. They found that early pubertal girls gained between 1.5 % and 3.1 % 
more BMC at the femoral neck and lumbar spine, respectively, whereas 
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prepubertal boys gained approximately 1 % at the femoral neck and 1.6 % at 
the total body compared to controls. Measured ground reaction forces in this 
intervention ranged from 3.5 to 5 times body weight (Mackelvie et al., 2001, 
MacKelvie et al., 2002b). After 2 years of this jumping protocol, girls in the 
intervention group had accrued between 3.7 % and 4.6 % greater BMC at the 
lumbar spine and femoral neck region of the hip compared with controls, 
whereas boys gained 4.3 % more BMC at the femoral neck compared with 
controls (MacKelvie et al., 2004). These findings suggest an additive effect from 
repeated exposure over multiple school years. In contrast, Wiebe et al. exposed 
girls (6-10 years) to single-leg drop landings (three sessions per week, 50 
landings per session) from heights of 14 and 28 cm and found no effect on bone 
mineral accrual despite the similar ground reaction forces (2.2 and 4.4 times 
body weight per leg) applied to the skeleton. Findings from a four-year 
longitudinal study of 205 pre-pubertal children aged 10 ± 1 years suggested that 
a seven-month jumping intervention significantly increased the adjusted BMC 
for age, sexual maturation and lean mass by 7.9 % at LS, 8.4 % at total hip, 7.7 % 
at femoral neck and 7.3 % at total body. Three years after the end of the 
intervention the effects decreased but remained significant at the above sites 
(Figure 2.24), accounting for 2.3 %, 3.2 %, 4.4 % and 2.9 % higher BMC 
respectively (Gunter et al., 2008b). A different intervention study conducted a 9-
month school based jumping intervention in pre and early pubertal (10.6 years) 
females. The intervention included 10 min bouts of jumping three times per 
week plus capoeira, along with usual physical education activities that 
represented the control group. The intervention groups gained 3.1 % greater 
BUA derived from QUS, and improved vertical jump (12.2 %) and estimated 
maximal oxygen consumption (9.6 %) compared to the control group (Nogueira 
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et al., 2014). The discrepancies in results may be explained by differing 
exercise doses between Wiebe et al. (Wiebe et al., 2008), Fuchs et al. (Fuchs 
et al., 2001), and Gunter et al. (Gunter et al., 2008b). In the study by Wiebe et 
al., the number of jumps per week was fewer (50 vs 100), and the height of the 
drops considerably was lower (14 and 28 cm vs 61 cm). 
 
Figure 2.24. Jumping intervention effect on total hip BMC (Δ) in prepubertal children. 
Percentages of change in BMC at total hip after a 7 month jumping intervention programme 
compared to controls. The intervention participants had 3.6 % greater bone mass than controls 
immediately after the intervention and 1.4 % greater bone mass at the total hip than controls 
after 8 years. With permission from (Gunter et al., 2008b). 
 
The skeleton of prepubertal and early pubertal children favourably responds to 
targeted weight-bearing interventions (MacKelvie et al., 2002b, Fuchs et al., 
2001, Gunter et al., 2008b, MacKelvie et al., 2004), but the evidence is not as 
consistent for post pubertal adolescents. Two studies in late pubertal and post-
pubertal female subjects indicate that resistance training (three times per week 
for 6.5 months) (Blimkie et al., 1996), plyometric training (three times per week 
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for 9 months) (Witzke and Snow, 2000), and step aerobics (two times per week 
for 9 months) (Heinonen et al., 2000) are insufficient to improve bone mass at 
loaded skeletal sites compared with age- and maturity matched controls. On the 
other hand, a study found positive effects of exercise after the pubertal growth 
spurt. Weeks et al. used an 8-month school-based jumping intervention, three 
times per week in 99 male and female subjects (13.8 years). The intervention 
included approximately 10 minutes of varied jumping activity in place of the 
usual physical education class warm-up, which was performed by controls. 
Ground reaction forces were not reported, but participants performed 
approximately 300 jumps per session and the average jump heights ranged 
from 20 to 40 cm. Results showed that female subjects had greater increases in 
femoral neck (4.9 %) and lumbar spine (1.5 %) BMC compared with controls. 
Male participants gained 4.3 % more total body BMC and 5.0 % greater 
calcaneal broadband ultrasound attenuation, derived from QUS, compared to 
controls (Weeks et al., 2008). The participants were followed there years after 
the intervention and femoral neck BMC (3.6 %) was significantly higher in the 
intervention group compared to controls, but the benefits of the intervention did 
not maintain in other bone outcomes (Weeks and Beck, 2012). This study 
supports to the notion that jumping may be a unique stimulus for healthy 
skeletal development throughout the growing years. However, the load should 
be sufficiently high and maintained for a sufficient period. 
 
In addition, meta-analyses on the impact of exercise on bone adaptations 
highlighted the importance of measuring bone structure in addition to bone 
mass. In addition, it was highlighted the importance of controlling for 
confounding factors where possible, such as maturation stage, exercise mode, 
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intervention strategy, duration and frequency of exercise, design and duration of 
the study (Ishikawa et al., 2013, Hind and Burrows, 2007, Behringer et al., 
2014). The different effects of exercise loading relative to biological age on 
bone mass and geometry were investigated by a 7-month jumping intervention 
study (consisting of 10-minute, 3 times per week) in prepubertal and early 
pubertal girls that randomized to a classroom-based jumping program (Petit et 
al., 2002). HSA was used to assess subperiosteal width, CSA, and CSMI of the 
femoral neck, intertrochanteric and femoral shaft sites. Among the prepubertal 
girls, there were no differences for change in any bone structural outcome. 
Among the early pubertal girls, the observed intervention responses were 
significantly greater gains in femoral neck (2.6 %) and intertrochanteric (1.7 %) 
BMD. Also, an increase was observed in bone cross-sectional area and cortical 
thickness attributable to less endosteal expansion at the femoral neck 
compared with controls (Petit et al., 2002). Mackelvie et al. (MacKelvie et al., 
2004) used HSA to examine bone structural outcomes among boys, all of whom 
were prepubertal, exposed to a 2-yr dose of the same exercise program used 
by Petit et al. (Petit et al., 2002). Boys in the intervention group had close to 3% 
greater bone expansion on the periosteal and endosteal surfaces compared 
with controls. These findings are functionally important in that small gains to the 
periosteal surface significantly influence bone strength compared with gains on 
the endocortical surface and emphasize the importance of exercise before 
puberty to maximize periosteal apposition. These data have important 
implications because structural changes allow for increases in bone strength 
without significant increases in bone mass. Given bone is lost predominately 
from the endosteal surface during adulthood and not from the periosteal surface, 
physical activity during growth may offset fracture risk through structural 
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alterations. Therefore, it is of great importance to measure bone geometry, 
texture and strength where possible because the skeletal benefits of exercise 
would not be detected when only bone mass is measured. 
 
Despite the evidence suggesting that jumping training has positive effects on 
bone mass in non-athletic paediatric populations, there are no studies 
investigating its effects in athletic groups that represent a large part of the 
population. This is critical to understand bone development due to sport 
participation and also to find out whether there is room for improvement for 
adolescents who may have sub-optimal bone development.  
 
2.12 Thesis objectives 
Considering the previous literature, the objective of the present thesis is to 
assess for first time the cross-sectional and longitudinal effect of sport 
participation in adolescent male athletes engaged in osteogenic (football) and 
non-osteogenic (swimming and cycling) sports in comparison with an active 
control group. Another objective is to examine the effect of a jumping 
intervention programme on bone outcomes in the adolescent male athletes. The 
specific aims of each chapter are provided below: 
 
1. Chapter 4: to investigate the differences on bone mass and geometry in 
adolescent males involved in osteogenic (football) and non-osteogenic 
(swimming and cycling) sports in comparison with an active control group at 
baseline. 
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2. Chapter 5: to identify the determinants affecting bone mass and geometry in 
adolescent athletes at baseline. 
 
3. Chapter 6: to assess the differences on bone mass and stiffness after 12-
months of sport specific training in osteogenic and non-osteogenic sports in 
adolescent male athletes. 
 
4. Chapter 7: to examine the 12-months of longitudinal adaptations of sport 
participation on bone mass at clinically relevant sites, hip geometry estimates at 
the femoral neck and lumbar spine texture in adolescent male athletes. 
 
5. Chapter 8: to investigate the effect of a 9-month jumping intervention 
programme on total body bone mass change and physical fitness parameters in 
adolescent male athletes. 
 
6. Chapter 9: to examine the ability of a 9-month jumping intervention to 
improve bone mass, geometry, texture at the femoral neck and lumbar spine, 
and to assess bone metabolism and nutritional markers before and after the 
intervention in adolescent male athletes. 
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3. Methodology 
 
3.1 PRO-BONE study design 
The PRO-BONE study has a longitudinal design and involves four cohorts 
(football, swimming, cycling and control) of males aged 12-14 years at the 
beginning of the study followed for 21 months. The timeline of the present PhD 
can be seen in Figure 3.1 below and the protocol of the study previously 
published (Vlachopoulos et al., 2015). 
 
 
Figure 3.1. PhD timeline containing baseline measurements (M1), 1 year of sports training 
measurements – pre-intervention (M2) and post intervention measurements (M3). FOO: 
Football players; CYC: Cyclists; SWI: Swimmers; PJT: Plyometric Jump Training. Adapted from 
(Vlachopoulos et al., 2015). 
 
3.2 Recruitment of the participants 
Participants and parents/guardians were contacted via advert flyers, posters 
and social media to participate in this study and by contacting sport clubs and 
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schools from the South West of England. Where possible, a meeting was held 
to explain the project as well as to answer any questions. At the end of this 
meeting, consent/assent forms and information sheets were given out and 
participants and parents/guardians had 15 days to return the consent/assent 
forms. After these 15 days, a reminder (phone call or email) was provided to 
those not returning the consent/assent forms to check if they wish to participate. 
Seven more days were given to those that agreed to participate and in the 2nd 
reminder, they were asked to send the interest and consent/assent forms 
signed. 
 
Participants were screened for eligibility, based on the inclusion/exclusion 
criteria outlined below, by a member of the research team depending on the 
information provided in the interest form. If eligible, the baseline assessment 
was scheduled for the participant. All participants and parents involved in this 
project were carefully informed about the risks and benefits of the study and 
required to sign the approved assent and consent forms before their visit to the 
laboratory at the Children’s Health and Exercise Research Centre (CHERC, 
University of Exeter). 
 
The total number of participants that were recruited and measured at baseline 
were N=121 (41 swimmers, 37 footballers, 29 cyclists and 14 controls). After 1 
year of sport specific training, N=118 participants (39 swimmers, 37 footballers, 
28 cyclists and 14 controls) remained in the study. Following the intervention, 
N=105 participants (37 swimmers, 30 footballers, 26 cyclists and 12 controls) 
completed the 3rd visit of the study. 
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3.3 Inclusion and exclusion criteria 
The inclusion criteria were: 1) males 12-14 years old, engaged (≥ 3 h/week) in 
osteogenic (football) and/or non-osteogenic (swimming and cycling) sports in 
the last 3 years or more; 2) male adolescents 12 -14 years old not engaged in 
any of these sports (≥ 3 h/week) in the last 3 or more years (control group). The 
criteria are based on the findings showing that 3 hours per week of participation 
can induce improvement in bone mass in children and adolescents (Ara et al., 
2006). 
The exclusion criteria were: 1) participation in another clinical trial; 2) any acute 
infection lasting until < 1 week before inclusion; 3) medical history of diseases 
or medications affecting bone metabolism or the presence of an injury (before 
inclusion) that may affect participation in their respective sports and/or any 
variable considered in the present study (i.e. doing the plyometric jump training); 
4) non-Caucasian participants. The latter is included since there are differences 
in body composition (bone, fat and fat-free mass) and biochemical markers (i.e. 
osteocalcin) between ethnic groups (Bachrach et al., 1999). 
 
3.4 Ethics approval 
The methods and procedures of the PRO-BONE study were checked and 
approved by: the Ethics Review Sector of Directorate-General of Research 
(European Commission, ref. number 618496), the Sport and Health Sciences 
Ethics Committee (University of Exeter, ref. number 2014/766) and the National 
Research Ethics Service Committee (NRES Committee South West – Cornwall 
& Plymouth, ref. number 14/SW/0060). All personal information obtained 
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confidentially and access to database was restricted to the researchers of the 
study. All measurements were carried out by qualified and experienced 
researchers who undertook a Disclosure and Barring Service check to work with 
young people. 
 
3.5 Anthropometry and maturity status 
The following measurements were undertaken at the 3 visits. Height (cm) and 
body mass (kg) were measured using a stadiometer (Harpenden, Holtain Ltd, 
Crymych, UK; precision 0.1 cm; range 60-210 cm) and an electronic scale 
(Seca 877, Seca Ltd, Birmingham, UK; precision 100 g; range 2-200 kg) 
respectively. BMI calculated as body mass (kg) divided by the height (m) 
squared. All anthropometrical measurements were performed three times and 
the mean was calculated. Maturity status was assessed using two methods. 
Firstly self-reported by the participants during each visit using adapted drawings 
of the five stages (Tanner) of pubic hair development (Tanner and Whitehouse, 
1976). Secondly using predicted age from PHV (R2 = 0.90; standard error=0.50 
years) providing an indicator of somatic maturity (Moore et al., 2015). 
 
3.6 Bone status measurements 
3.6.1 Dual-energy x-ray absorptiometry 
A Lunar Prodigy DXA scanner (GE Healthcare Inc, Wisconsin, USA) was used 
to scan participants at four sites due to the evidence of site specific impact of 
sports participation (Ginty et al., 2005b, Magkos et al., 2007, Ishikawa et al., 
2013): 1) Lumbar spine (mean of L1-L4), 2) right hip, 3) left hip, 4) total body 
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(Figure 3.2). The DXA equipment was calibrated at the start of each testing day 
by using a lumbar spine phantom as recommended by the manufacturer. The 
body was segmented in accordance to standard procedures to evaluate 
regional bone mass and fat distribution. Participants were asked to remain still 
and they were scanned in the supine position. The position of the hip was 
controlled using a wedge to ensure the same joint position was used among all 
participants. The scan modes were automatically selected by the scanner 
software (standard or thick). All DXA scans and analyses were performed using 
the enCORE software version 14.10.022 (GE Healthcare Inc, Wisconsin, USA). 
The BMC (g), BMD (g·cm2) and bone area (cm2) were obtained for the scanned 
skeletal sites. From total body scans, fat mass (g), lean mass (g) and body fat 
(g and %) were obtained. All scans were undertaken by the same researcher 
and following the guidelines of the International Society of Clinical Densitometry 
(Crabtree et al., 2014) and after obtaining theoretical and practical bone 
densitometry training. The COVs were not determined in the present study due 
to ethical considerations of additional radiation exposure, but previous 
paediatric studies have shown that the COVs of DXA were between 0.64 % and 
1.16 % depending on the region (Johnson and Dawson-Hughes, 1991, 
Shepherd et al., 2011). 
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Figure 3.2. Measurement of bone mineral density at the femoral neck using DXA as part of the 
PRO-BONE study. The photo was taken with permission from participant and parent. 
 
3.6.2 Hip structural analysis 
Bone geometry estimates were obtained using the HSA software from the 
narrow neck region across the narrowest point of the femoral neck. The HSA 
programme is based on previously described principles (Martin and Burr, 1984) 
and uses the distribution of bone mineral mass in line of pixels across the bone 
axis to measure the structural dimensions of bone cross sections (Beck et al., 
1990). The geometric properties of the bone were obtained and the following 
variables used: 1) the cortical width neck (mm), which is the narrowest width of 
the femoral neck; 2) the diameter of the femoral neck (mm); 3) the CSA (mm3), 
which is the total bone surface area excluding the soft tissue area and the 
trabecular; 4) the CSMI (mm4), which is an index of structural rigidity and 
reflects the distribution of mass in the centre of a structural element; 5) section 
modulus (mm3), which is an indicator of maximum bending strength in a cross 
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section. The COVs previously found to be between 7.9 % and 11.7 % (Khoo et 
al., 2005). 
 
3.6.3 Trabecular bone score 
TBS is a DXA based technological tool that provides an indirect textural index of 
trabecular microarchitecture in the lumbar spine and has been shown to 
significantly predict fracture risk independently of BMC (Hans et al., 2011a). 
TBS assesses DXA images of the lumbar spine scans using a grey-level 
analysis as the slope at the origin of the log-log representation of the 
experimental variogram (Pothuaud et al., 2009). All TBS analyses were 
performed by the same trained researcher using the TBS iNsight Software 
(Medimaps, research version 3.0, Pessac, France). The calculation was 
performed at the lumbar spine region of interest as in the BMC measurement. 
The COVs of TBS in relation to BMC has been reported to be between 1.1 % to 
1.9 % (Silva et al., 2014).  
 
3.6.4 Qualitative ultrasound  
QUS measurements were performed with a Lunar Achilles Insight GE 
Healthcare Inc., Wisconsin, USA) and the results were obtained from the 
OsteoReport PC software version 5.x+ (TM Insight GE Healthcare, Milwaukee, 
Wisconsin, USA). The same device was used throughout the study and the 
calibration was completed prior to each visit. A standard procedure was 
followed according to instructions of the manufacturer. Participants placed on a 
stable chair in a comfortable position directly in front of the Achilles device. The 
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position of the leg placed against the calf support so the foot, calf and thigh 
were aligned with the centre of the calf support and the positioner. The QUS 
device provided three outcome variables, the BUS, the SOS and the bone 
stiffness. The BUA indicated the absorption of sound waves measured in 
decibels per megahertz. The SOS indicated the stiffness of a material by the 
ratio of the traversed distance to the transit time, expressed in meters per 
second. The bone stiffness was calculated by a linear combination of BUA and 
SOS: bone stiffness = (0.67 x BUA) + (0.28 x SOS) – 420. The real-time image 
of the calcaneus and the region of interest ensured that the measurement is 
precise (Jaworski et al., 1995). Dominant and non-dominant feet were 
measured twice and the mean of the two measurements calculated and used 
for statistical analyses. Previously the correlation between QUS and BMD 
measurements ranged between r = 0.44-0.70 in 11-16-year-old participants 
(Sundberg et al., 1998). The COVs of QUS in children range from 0.5 % to 1.2 % 
for SOS (Halaba et al., 2005) and from 2 % to 5 % for BUA (Dib et al., 2005). 
 
3.7 Biochemical markers 
Capillary blood samples (0.5 mL) were collected at a non-training weekend day 
in the morning in heparin fluoride coated microvettes (CB 300 tubes, Sarstedt 
Ltd, Leicester, UK) and centrifuged at 3000 rpm for 15 minutes at 4°C. Serum 
samples were stored at -80°C until analysis in a single session. Total serum 
levels of PINP, CTX-I, 25(OH)D and total calcium were analysed following 
guidelines (Vasikaran et al., 2011). ELISA kits (Abbexa Ltd., Cambridge, UK) for 
PINP (test range: 6-400 pg∙mL-1, sensitivity: 1.2 pg∙mL-1, inter and intra-assay 
COVs: 3.1 % and 8.2 % respectively), CTX-I (test range: 0.1-7.0 ng∙mL-1, 
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sensitivity: 0.03 ng∙mL-1, inter and intra-assay CVs: 4.9 % and 6.8 % 
respectively), and 25(OH)D (test range: 3-80 ng∙mL-1, sensitivity: 1.2 ng∙mL-1, 
inter and intra-assay CVs: 6.1 % and 8.6 % respectively) were used. Total 
calcium serum was measured using direct colorimetric assay (Cayman 
Chemical Company, MI, U.S.A.) and had a sensitivity of 0.25 mg∙dL-1 and the 
absorbance was read at 570-590 nm (inter and intra-assay COVs: 5.1 % and 
7.3 % respectively). 
 
3.8 Physical activity, training characteristics and diet intakes 
Physical activity was measured for seven consecutive days at pre- and post-
intervention using wrist accelerometers (GENEActiv, Cambridgeshire, UK). 
Participants were instructed to place the accelerometer at their non-dominant 
wrist for 7 days and the time sampling interval (epoch) was set at 100 Hz to 
obtain the data in 1 s epochs. For the present study, the time spent in moderate 
physical activity and vigorous physical activity was calculated using a cut-off 
point of 1140-3599 counts per minute and ≥ 3600 counts per minute, 
respectively (Phillips et al., 2013). Weekly training hours were obtained using 
face to face questionnaire during each visit to the research centre. Total energy, 
protein, calcium and vitamin D intake were assessed using a 24-h food recall. 
Total energy, calcium and protein intake were estimated using the CompEat Pro 
software (Nutrition systems, VIS Visual Information Systems Ltd., UK). Previous 
research in children indicated that Pearson correlations for energy and nutrient 
intake ranged from 0.52 to 0.86 and the agreement between recalled and 
observed food items to be 75 % (Weber et al., 2004).  
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3.9 Cardiorespiratory and muscular fitness 
A battery of tests was used to assess attributes of physical fitness that may play 
an important role in the development of skeletal mass and strength during 
growth and maturation (Baptista et al., 2016, Kemper HC, 2000). 
Cardiorespiratory fitness was estimated using the 20 m shuttle run test 
(20mSRT) (Leger et al., 1988) and was completed in the same sports hall and 
under similar encouragement  at all visits. The participants were tested at the 
end of the day following a standardized warm up and were equally encouraged 
to continue the test until they reached maximal effort. They were asked to run 
between two lines set 20 m apart by following the pace of the audio signals 
produced from a CD player. The starting speed was 8.5 km/h and increased by 
0.5 km/h each minute. The test was terminated when the participant failed to 
reach the line two consecutive times. The last completed shuttle determined the 
score of the test and the number of shuttles completed was taken as an 
indicator of cardiorespiratory fitness. The agreement between 20mSRT and 
maximal oxygen consumption (VO2max) has been shown to range from R
2=0.68 
to R2=0.92 in adolescents (Castro-Pinero et al., 2010, Ruiz et al., 2009) and that 
the criterion-related validity of Leger's protocol was r = 0.78 in children and 
adolescents (Mayorga-Vega et al., 2015). 
 
Muscular fitness was assessed using the standing long jump (SLJ) test and the 
vertical jump using was assessed using the counter movement jump (CMJ) test 
at least 30 minutes before performing the 20mSRT and following a standardized 
warm up. The starting position of the standing long jump test is exactly behind a 
line and with feet at shoulder’s width apart. Participants are allowed to swing 
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their arms during the eccentric contraction phase and they are advised to jump 
as far as possible in order to land with both feet in a non- slippery hard surface. 
The distance (cm) measured between the starting line and the participant’s 
heels. The CMJ test was assessed on a jump mat (Probotics Inc, Alabama, 
USA) which calculates jump height based on flight time. The participants 
performed the CMJ test with their feet shoulder width apart after having 
received instructions as to how much can they bend their knees and the 
position of their arms, they are asked to jump as high as possible. Then, they 
were placed in a standing position with their feet shoulder width apart at the 
jump mat. For both jump tests three maximal jumps were performed and the 
best score was used. The max height and distance (in cm) of the maximal 
efforts is used as criterion of measure. Previous reports indicate that SLJ and 
CMJ accounted for 44.4 % and for 40.8 % of the variation in 1RM leg press in 
adolescents (Ortega et al., 2008, Milliken et al., 2008). 
 
3.10 Jumping intervention 
Following 12 months of sport specific training (measurement point M2 in Figure 
3.1), the sport group participants were simply randomized into two sub-groups 
to perform a 9-month jumping intervention programme as follows: 1) 
intervention-sport: intervention-swimming (INT- SWI), intervention-football (INT-
FOO), intervention-cycling (INT-CYC) and 2) control-sport: control-swimming 
(CON-SWI), control-football (CON-FOO), control-cycling (CON-CYC). It has 
been shown that 7 to 9 months of plyometric jump training can effectively 
improve BMC and/or BMD at different skeletal sites in children and adolescents 
and the benefits were  maintained for 3 years after the intervention (Gunter et 
al., 2008b, Witzke and Snow, 2000). Therefore, a progressive plyometric jump 
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training (approximately 10 min/day) consisted from CMJ was performed by 
intervention groups 3 to 4 times per week depending on the level of progression. 
Both the intensity and number of jumps increased progressively in 3 levels of 12 
weeks each. Intensity was modified using an adjustable weight vest. With this, a 
2 to 5 kg increase in body weight was achieved at the end of the intervention 
(see Table 3.1). The reliability and validity of the CMJ has been previously 
reported (Acero et al., 2011, Markovic et al., 2004). At the second visit trained 
staff ensured that participants fully understood and correctly executed the CMJs, 
and a research assistant observed, demonstrated and reviewed the jumps. 
Participants were instructed to perform a number of CMJ on a hard surface. The 
CMJ activates the stretch-shortening cycle in the muscles, resulting in greater 
power production in the legs with previous evidence in children showing that 12 
CMJ produce ground reaction forces 5.3 times body weight and rates of force of 
493 times body weight/s, as shown in an independent sample of boys and girls 
(McKay et al., 2005a). The participants were instructed to start from a standing 
position, then to bend the knees up to 90° and immediately perform the vertical 
jump as high as possible each time, landing back on the ground on both feet 
simultaneously. A jump diary was used to record the number of jumps 
performed and was checked every three months to check the compliance of the 
jumping intervention programme. 
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3.11 Sample size 
The sample size calculated according to the primary interest variable, total body 
BMD of cyclists (Olmedillas et al., 2011) in order to achieve 90 % of statistical 
power to detect differences between the groups. Taking into account a 
significance level of 5 % and assuming that the mean of the reference group 
was 1.133 units (SD = 0.127) and the mean of the experimental group was 
1.002 units (SD = 0.093), 9 participants required for the reference group and 9 
participants for the experimental group (total = 18 participants). Given the 
longitudinal nature of the current project, the sample size adjusted assuming an 
attrition rate of 40 %, yielding a sample size of 15 participants for each group 
(e.g. 15 intervention cyclists + 15 control cyclists = 30 cyclists). Following the 
recruitment period, a total of 121 participants were found eligible to take part in 
the study, comprising of: cyclists (n=29), footballers (n=37), swimmers (n=41) 
and controls (n=14).  
 
Table 3.1. PRO BONE study jumping intervention training progression 
Level Exercise 
Vest 
weights 
(kg) 
Repetitions 
2Sets/ 
day 
(3Rest) 
4Trainings/ 
week 
Jumps/ 
week 
1 1CMJ - 20 3 3 180 
Total level 1 (12 weeks)    180 x 12 = 2160 
2 1CMJ 2.5 20 4 3 240 
Total level 2 (12 weeks)    240 x 12 = 2880 
3 1CMJ 5 20 4 4 320 
Total level 3 (12 weeks)    320 x 12 = 3840 
Total levels  (36 weeks)     8880 
1
Countermovement jump. 
2
Sets = 20 CMJ. 
3
Rest between sets = 30 seconds. 
4
When 3 sets/day, jumps 
suggested to be performed in the morning before going to school (1 set), after school (1 set) and before going to 
bed (1 set). When 4 sets/day, jumps performed in the morning before going to school (1 set), after school (2 
sets) and before going to bed (1 set).
5
No significant differences between the intervention groups at any level of 
the intervention. 
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3.12 Statistical analyses 
Descriptive data of mean and SD are calculated unless otherwise stated. 
Statistical analyses performed using the SPSS IBM statistics (version 21.0 and 
22.0 for Windows, Chicago, IL, USA) and statistical significance level was set at 
P < 0.05. The distribution of the variables was checked and verified by using 
Shapiro-Wilk tests, skewness and kurtosis values, visual check of histograms, 
Q-Q and box plots. Unadjusted data are shown as mean and standard deviation 
(SD) while adjusted data presented as mean and standard error (SE). A 
description of the chapter-specific statistical analysis is shown below: 
Chapter 4: One-way analysis of variance (ANOVA) was performed to detect 
between-group differences on bone-related outcomes. One-way analysis of 
covariance (ANCOVA) with Bonferroni post hoc was used to detect between-
group differences on bone-related outcomes after accounting for age (Webber 
et al., 2009), height (Nevill et al., 2002), lean mass (Gracia-Marco et al., 2012) 
calcium intake (Boot et al., 1997), and MVPA (Gracia-Marco et al., 2011a). In 
addition, differences (in %) between groups were calculated for all variables to 
quantify the magnitude of the differences. 
Chapter 5: To identify the determinants of bone related outcomes a correlation 
matrix using Pearson correlation coefficients was performed. Multiple linear 
regression analyses were used to examine the contribution of the determinants 
(sport participation, height, lean mass, fat mass, total calcium, 25(OH)D, MVPA, 
vertical jump and 20mSRT) to bone outcomes. The selection of the predictors 
was based on their relationship with bone outcomes (Petit et al., 2005, 
Macdonald et al., 2006, Sioen et al., 2012). All predictors were entered into the 
regression models simultaneously. For the multiple linear regressions, the 
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standardised regression coefficients (β) are reported and significance was set at 
alpha level of 0.05. The squared semi-partial correlation coefficients (sr2) were 
used to determine the contribution of each predictor in the overall variance of 
the model after removing shared contributions with other predictors.  
Chapter 6 and 7: To identify the effect of 1 year of sport specific training on 
bone status between the groups, ANCOVA with Bonferroni post hoc was used 
after accounting for age, height, lean mass, MVPA and the bone outcomes at 
T0 as covariates.  
Chapters 8 and 9: To detect the differences in characteristics and fitness 
parameters pre- and post-intervention, paired t-tests were used. To detect 
differences in bone outcomes between the intervention and the non-intervention 
groups, the 9-month bone gains (Δ) were calculated and ANCOVA was used 
after controlling for baseline bone status, change in lean mass and post maturity 
status (years from PHV) (Moore et al., 2015). Percentages of difference 
between the intervention and non-intervention groups were used to quantify the 
magnitude of the differences in adjusted bone outcome gains. 
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4. The impact of sport participation on bone mass and 
geometry in adolescent males 
 
 
4.1 Abstract 
Purpose: Exercise is an effective approach for developing bone mass and 
adolescence is a key period to optimize bone health. However, sports specific 
training may have different effects on bone outcomes. This study examined the 
differences on bone outcomes between osteogenic (football) and non-
osteogenic (swimming and cycling) sports and a control group in adolescent 
males. Methods: One hundred and twenty one males (13.1±0.1 years) were 
measured: 41 swimmers, 37 footballers, 29 cyclists and 14 controls. Dual 
energy X-ray absorptiometry measured bone mineral density (BMD) and 
content (BMC) at lumbar spine, right and left hip and total body. Hip structural 
analysis evaluated bone geometry at the femoral neck. Quantitative ultrasound 
evaluated bone stiffness at both feet. Results: Footballers had significantly 
higher BMD at total body less head (7-9 %), total hip (12-21 %) and legs (7-
11 %) compared to all groups and significantly higher BMD at the femoral neck 
than controls (14 %). Cyclists had higher BMD at the trochanter (10 %) and 
BMC at the arms (10 %) compared to controls. Geometrical analysis showed 
that footballers had significantly higher cross-sectional area (8-19 %) compared 
to all groups, cross-sectional moment of inertia (17 %) compared to controls 
and section modulus compared to cyclists (11 %) and controls (21 %). 
Footballers had significantly higher bone stiffness compared to all groups (10-
20 %) at the dominant foot and (12-13 %) at the non-dominant foot compared to 
swimmers and controls. Conclusions: Adolescent male footballers exhibited 
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higher bone density, geometry and stiffness compared to swimmers, cyclists 
and controls. Although swimmers and cyclists had higher bone outcomes 
compared to controls, these differences were not significant. 
Keywords: adolescence, bone mass, bone geometry, bone stiffness, exercise. 
 
4.2. Introduction 
Osteoporosis is a disease characterized by reduced bone mass and 
deterioration of bone microarchitecture, resulting in increased risk of fragility 
fractures. Bone mass acquisition during adolescence is not only an important 
determinant of skeletal growth but also for reducing the risk of osteoporosis 
later in life (Nikander et al., 2010). In this regard, a 10 % increase in peak bone 
mass during adolescence might reduce the risk of fracture later in life by 50 % 
and delay the onset of osteoporosis by 13 years (Rizzoli et al., 2010). Therefore, 
early prevention remains one of the most prudent approaches to improve bone 
health status in later adult life. 
It is known that 20 % of the variation in peak bone mass can be explained by 
lifestyle factors, including physical activity (PA) and diet (i.e. calcium and 
vitamin D intakes) (Vlachopoulos et al., 2016, Michalopoulou et al., 2013). In 
terms of PA, a favourable osteogenic response can be obtained when high-
impact, intensive and weight-bearing exercise is performed, due to the 
mechanical load imposed on the bone tissue (Greene and Naughton, 2006b). 
For example, football is considered an “osteogenic” sport and augments bone 
mineral density (BMD) and content (BMC) at the weight-bearing sites in early 
and late pubertal males (Nebigh et al., 2009). In contrast, sports such as 
swimming and cycling have been considered “non-osteogenic” (Vicente-
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Rodriguez et al., 2004a), although the supporting evidence is unclear. Previous 
evidence found that adolescent male swimmers to have lower adjusted BMC 
and BMD compared to controls (Gomez-Bruton et al., 2015). A recent 
systematic review concluded that swimmers have similar bone mass with 
sedentary controls (Gomez-Bruton et al., 2016b). Similarly, although there are 
reports of cycling showing no effect on bone-related outcomes in adolescents, 
some studies suggest cycling during adolescence may negatively impact bone 
health and compromise the acquisition of a high peak bone mass (Olmedillas et 
al., 2011). There is limited evidence evaluating the effects of osteogenic and 
non-osteogenic sports on bone outcomes in adolescent males and further 
research is needed to investigate this discrepancy in the literature. 
With football, swimming, and cycling among the most popular sports during 
childhood and adolescence in the United Kingdom, understanding the 
contribution of these sports to bone health is important. To date, studies 
evaluating bone-related outcomes in athletic groups have mainly focused in 
BMD and BMC outcomes provided by Dual energy X-ray Absorptiometry (DXA). 
But a more comprehensive evaluation of bone structure, as well researched can 
be obtained using the Hip Structural Analysis (HSA) software from DXA (Beck 
et al., 1990). The parameters obtained from HSA software reflect bone strength 
at the narrow neck site of the clinical important site of the hip.  A previous study 
showed that adolescent female footballers had greater hip strength compared to 
swimmers and controls, while swimmers had lower bone mass at the narrow 
neck than footballers and controls (Ferry et al., 2011). Another method to 
assess bone properties is Quantitative Ultrasound (QUS), which is a non-
radiation technique and provides measurements of the bone stiffness changes 
at the calcaneus site. Currently, there are no studies evaluating bone outcomes 
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in male adolescent athletes using a combination of DXA, HSA and QUS 
outcomes. Furthermore, there is a lack of consistency when controlling for the 
use of confounding variables in the assessment of bone outcomes in youth 
sports. This is important as uncritical use of confounders can lead to size 
related artefacts (Prentice et al., 1994). Previous studies typically use 
confounders such as age, height, weight, calcium intake, fat mass, fat-free 
mass and lean mass (Maimoun et al., 2013b, Zemel et al., 2011). However, the 
most common inconsistencies observed in many studies are the lack of 
consideration for size adjustments in adolescent participants and the lack of site 
specific adjustment of the skeletal outcomes. Therefore, more studies are 
needed to assess the bone outcomes by taking into account the relevant 
confounders according to participant characteristics. 
The PRO-BONE (effect of a PROgram of short bouts of exercise on BONE 
health in adolescents involved in different sports) study was designed to 
investigate whether the bone properties, assessed by DXA, HSA and QUS, 
differ between 12-14 year old males who perform osteogenic (football) and non-
osteogenic (swimming, cycling) sports in comparison to a control group after 
controlling for a comprehensive set of confounders. We hypothesised that 
adolescent males engaged in football will have higher bone outcomes 
compared to those engaged in cycling and swimming and compared to a control 
group, and that adolescent males engaged in cycling and swimming will have 
similar bone outcomes. 
4.3 Methods 
4.3.1 Study design and participants 
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The study represents a cross-sectional analysis of the baseline data derived 
from the PRO-BONE study, which is a 33 month longitudinal design including a 
9-month jump intervention programme. The purpose, methodology and sample 
size of the PRO-BONE study have been justified elsewhere (Vlachopoulos et al., 
2015). Data were collected between autumn and winter 2014/15 in 121 
adolescent males: 41 swimmers, 37 footballers, 29 cyclists and 14 controls. The 
inclusion and exclusion criteria were: 1) males 12–14 years old, engaged (≥3 
h/week) in osteogenic (football) and/or non-osteogenic (swimming and cycling) 
sports for the last 3 years or more; 2) males 12–14 years old not engaged in 
any of these sports (≥3 h/week) in the last 3 or more years (control group); 3) 
participants not taking part in another clinical trial; 4) participants not having any 
acute infection lasting until < 1 week before inclusion; 5) participants had to be 
free of any medical history of diseases or medications affecting bone 
metabolism or the presence of an injury; 6) white Caucasian ethnicity. 
Participants were recruited from athletic clubs and schools across the South 
West of England. Written informed consent and assent forms were signed from 
parents and participants accordingly and all participants completed the first visit 
at the research centre as part of the study. The methods and procedures of the 
study have been checked and approved by: 1) the Ethics Review Sector of 
Directorate-General of Research (European Commission, ref. number 618496); 
2) the Sport and Health Sciences Ethics Committee (University of Exeter, ref. 
number 2014/766) and 3) the National Research Ethics Service Committee 
(NRES Committee South West – Cornwall & Plymouth, ref. number 
14/SW/0060). 
4.3.2 Anthropometry and sexual maturity 
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Height (cm) and body mass (kg) were measured by using a stadiometer 
(Harpenden, Holtain Ltd, Crymych, UK; precision 0.1 cm; range 60–210 cm) 
and an electronic scale (Seca 877, Seca Ltd, Birmingham, UK; precision 0.1 kg; 
range 2–200 kg) respectively. Body mass index was calculated as body mass 
(kg) divided by the height (m) squared. Sexual maturation was self-reported 
using adapted drawings of the five stages (Tanner) of pubic hair (Tanner and 
Whitehouse, 1976). 
4.3.3 Dual energy x-ray absorptiometry  
A DXA scanner (GE Healthcare Inc., Wisconsin, USA) was used to measure 
BMD (g/cm2), BMC (g), bone area (BA, cm2), fat mass (g) and lean mass (g). 
Four scans were performed to obtain data for the lumbar spine (LS, L1-L4), 
right and left hip (including femoral neck, Ward’s triangle, trochanter and shaft 
sub-regions; the mean of right and left hip scans was used), and the total body 
scan. The total body scan was then used to obtain data for specific regions 
such as: arms, legs, pelvis and total body excluding head. All DXA scans and 
subsequent in-software analyses were completed by the same researcher, 
using the same DXA scanner and the GE encore software (2006, version 
14.10.022). The positioning of the participants and the analyses of the results 
were undertaken according to International Society of Clinical Densitometry 
(Crabtree et al., 2014).  
4.3.4 Hip structural analysis 
Using the HSA software, analyses were performed at the narrow neck region 
across the narrowest point of the femoral neck. The HSA programme uses the 
distribution of bone mineral mass in line of pixels across the bone axis to 
measure the structural dimensions of bone cross sections (Beck et al., 1990). 
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The geometric properties of the bone were obtained and the following variables 
used: 1) the cortical width neck (mm), which is the narrowest width of the 
femoral neck; 2) the diameter of the femoral neck (mm); 3) the cross sectional 
area (CSA, mm3), which is the total bone surface area excluding the soft tissue 
area and the trabecular; 4) the cross-sectional moment of inertia (CSMI, mm4), 
which is an index of structural rigidity and reflects the distribution of mass in the 
centre of a structural element; 5) section modulus (mm3), which is an indicator 
of maximum bending strength in a cross section; and 6) the hip strength index, 
which is an advanced feature that has been added to the more recent versions 
of GE enCore software and indicates the risk of fracture forces generated 
during a fall on the greater trochanter and the CSA short term precision 
percentage coefficient of variation has been reported to be between 2.4 % and 
7.9 % (Khoo et al., 2005).  
4.3.5 Quantitative ultrasound 
QUS measurements were performed with a Lunar Achilles Insight ((GE 
Healthcare Inc., Wisconsin, USA) and the OsteoReport PC (software version 
5.x+). The stiffness index is then calculated by a linear combination of 
broadband ultrasound attenuation (BUA) and speed of sound (SOS) as follows: 
Stiffness index = (0.67 x BUA) + (0.28 × SOS) – 420. Both feet were measured 
twice and the mean of the two measures was used for statistical analyses of the 
dominant and non-dominant foot. For the purpose of this study only stiffness 
index values were used. QUS is considered a valid and radiation-free method 
compared to DXA to assess bone health in children (Baroncelli, 2008). 
4.3.6 Physical activity and diet 
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PA was measured for seven consecutive days by using wrist accelerometers 
(GENEActiv, GENEA, UK). The validity and reliability of the accelerometer has 
been established previously in children and adolescents (Phillips et al., 2013). 
Participants were instructed to place the accelerometer on their non-dominant 
wrist and data was collected at 100 Hz. Data were analysed at 1 s epoch 
intervals to establish time spent in different intensities. Time spent in moderate 
PA and vigorous PA (VPA) was calculated using a cut-off point of 1140-3599 
counts per minute  and ≥ 3600 counts per minute, respectively (Phillips et al., 
2013). Moderate-to-vigorous PA (MVPA) was calculated using a cut-off point of 
≥ 1140 counts per minute. Weekly training hours were obtained by face to face 
questions during the visit of the participants at the research centre. 
Dietary calcium, vitamin D and energy intake were assessed using a 24 hour 
food recall. The validity and reliability of self-reported dietary intake has been 
previously reported in children (Weber et al., 2004). Total energy, calcium and 
vitamin D intake were estimated using the CompEat Pro software (Nutrition 
systems, VIS Visual Information Systems Ltd., UK). 
4.3.7 Statistical analysis 
Statistical analyses were performed using the SPSS IBM statistics (version 21.0 
for Windows, Chicago, IL, USA) and descriptive data are reported as mean and 
SD. The distribution of the variables was checked and verified using Shapiro-
Wilk's test, skewness and kurtosis values, visual check of histograms, Q-Q and 
box plots. The analysis of the data was completed in two stages: 1) raw 
(unadjusted) data using one-way analysis of variance (ANOVA) with Bonferroni 
post hoc to detect between-group differences on bone-related outcomes (DXA, 
HSA and QUS), and 2) adjusted data using one-way analysis of covariance 
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(ANCOVA) with Bonferroni post hoc taking into account the following relevant 
confounders: age, height, region-specific lean mass (trunk, total body, arms and 
legs), calcium intake and MVPA (Gracia-Marco et al., 2011a, Weber et al., 2004, 
Gracia-Marco et al., 2012, Ubago-Guisado et al., 2015a). A preliminary analysis 
showed maturation to have no effect on bone outcomes after accounting for age 
and thus was not included in the model. Percentages of difference between 
groups for all variables were used to quantify the magnitude of the differences. 
Statistical significance level was set at P < 0.05 and differences of P <0.001 
were also indicated. 
4.4 Results 
4.4.1 Descriptive characteristics of the study sample 
Table 4.1 presents the descriptive characteristics of the participants. Swimmers 
were older, taller, heavier and had more lean mass than the footballers. 
Footballers spent more time doing MVPA and VPA than swimmers and controls. 
Cyclists were older and spent more time doing VPA than controls and they also 
spent more time doing MVPA and VPA than the swimmers. In addition, 
swimmers and footballers trained more hours on average than the cyclists. 
Finally, controls had more fat mass than all the other groups. 
  
128 
 
 
Table 4.1. Descriptive characteristics of the participants 
Parameters Swimmers 
(n=41) 
Footballers 
(n=37) 
Cyclists 
(n=29) 
Controls 
(n=14) 
Age (yrs) 13.4 (1.0)b,dd 12.8 (0.9) 13.2 (1.0)d 12.3 (0.5) 
Height (cm) 165.5 (9.7)bb,d 155.2 (9.3) 160.8 (9.9) 154.5 (9.9) 
Body mass (kg) 52.4 (9.0)bb 44.3 (7.9) 49.5 (12.3) 48.3 (13.0) 
BMI (kg/m2) 19.0 (1.7) 18.3 (1.4) 18.9 (3.3) 20.0 (3.4) 
Lean mass (kg) 41.6 (9.1)b,dd 35.4 (7.2) 37.7 (7.5) 31.7 (5.5) 
Fat mass (kg) 8.3 (3.2) 6.6 (2.4) 8.6 (7.2) 14.1 (8.5)a,bb,c 
Percentage of body 
fat (%) 
17.1 (7.1) 15.8 (5.6) 17.8 (8.9) 29.0 
(10.5)aa,bb,cc 
Weekly training 
hours (h) 
9.5 (5.1)cc 10.0 (2.3)cc 5.1 (2.1) - 
Pubertal maturation  
(I/II/III/IV/V) (%) 
(15/25/13/45/2) (24/35/24/16/0) (14/28/28/27/3) (29/21/21/29/0) 
MVPA (min/day) 85.9 (30.4) 119.8 (29.7)aa,d 107.2 (33.3)a 83.2 (26.8) 
VPA (min/day) 11.9 (7.3) 22.5 (9.0)aa,dd 18.5 (12.8)a,d 8.9 (4.0) 
Energy intake 
(kcal/day) 
2084.5 (560.6) 2093.7 (755.4) 2219.8 (843.4) 1748.9 (434.6) 
Calcium intake 
(mg/day) 
988.8 (429.7) 1017.9 (504.5) 1014.9 (601.9) 881.5 (380.7) 
Vitamin D intake 
(μg/day) 
1.84 (1.5) 1.82 (1.89) 1.95 (1.69) 1.52 (1.39) 
Values presented as mean ± SD. BMI: Body mass index, MVPA: Moderate to vigorous 
physical activity, VPA: Vigorous physical activity. Superscript letters denote a higher 
significant difference with: a (swimmers), b (footballers), c (cyclists), d (controls). a,b,c,d 
p<0.05, aa,bb,cc,dd p<0.001. 
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4.4.2 DXA region-specific BMD, BMC and BA 
Table 4.2 shows the raw differences for the four groups at different sites. 
Controls had significantly lower BMD and BMC compared with footballers (BMD: 
ranged from 6.7 % to 30.1 %, BMC: ranged from 18.1 % to 52.4 %), swimmers 
(BMD: 10.9 % to 17.9 %, BMC: 26.7 % to 57.1 %) and cyclists (BMD: 8.3 % to 
17.9 %, BMC: 21.0 % to 40.9 %) for all sites except for the lumbar spine and 
arms. In addition, controls had significantly lower BA compared to swimmers 
(BA: 11.6 % to 37.8 %). Footballers had 7.5 %, 10.4 % and 10.1 % significantly 
higher BMD at total hip, trochanter and Ward’s triangle sites than the swimmers. 
In addition, they had 7.8 %, 10.4 % and 10.4 % significantly higher BMD at total 
hip, trochanter and Ward’s triangle sites than the cyclists.  Finally, swimmers 
had 6.1 % significantly higher BMD and 23.1 %BMC than footballers at the 
arms as well as 8.9 %, 9.9 % and 17.7 % greater BA at the shaft, lumbar spine 
and arms, respectively. 
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Table 4.2. Raw data for DXA region-specific bone mineral content (BMC, g), density (BMD, g/cm2) and 
area (BA, cm2) of all participants 
Parameter
s 
 Swimmers 
(n=41) 
Footballers 
(n=37) 
Cyclists 
(n=29) 
Controls 
(n=14) 
TBLH BMD 
BMC 
BA 
0.918 (0.067)d 
1630.66 (333.56)d 
1762.63 
(250.99)b,d 
0.931 (0.071)dd 
1473.49 
(338.60) 
1564.89 
(248.35) 
0.905 (0.086)d 
1498.27 
(362.08) 
1636.10 
(261.69) 
0.828 (0.071) 
1234.38 
(347.86) 
1469.43 
(300.17) 
Total hip BMD 
BMC 
BA 
0.962 (0.107)dd 
28.87 (5.52)dd 
29.86 (3.83)d 
1.034 
(0.085)a,c,dd 
28.78 (6.18)dd 
27.60 (4.21) 
0.959 (0.114)dd 
27.59 (5.97)d 
28.54 (3.86) 
0.830 (0.116) 
21.12 (5.55) 
25.14 (3.79) 
Femoral 
Neck 
BMD 
BMC 
BA 
0.948 (0.098)d 
4.46 (0.65)dd 
4.70 (0.43)d 
1.001 (0.081)dd 
4.53 (0.74)dd 
4.51 (0.46) 
0.975 (0.192)d 
4.40 (0.79)d 
4.61 (0.43)d 
0.832 (0.118) 
3.52 (0.73) 
4.21 (0.45) 
Ward’s 
triangle 
BMD 
BMC 
BA 
0.928 (0.111)d 
2.31 (0.49)d 
2.48 (0.43)d 
1.022 (0.096) 
a,c,dd 
2.40 (0.59)dd 
2.34 (0.44) 
0.926 (0.127)d 
2.23 (0.55)d 
2.40 (0.42) 
0.799 (0.120) 
1.64 (0.45) 
2.04 (0.36) 
Trochante
r 
BMD 
BMC 
BA 
0.799 (0.089)dd 
9.08 (2.41)d 
11.26 (2.30)d 
0.882 
(0.078)aa,cc,dd 
9.31 (2.67)dd 
10.41 (2.34) 
0.799 (0.108)dd 
8.61 (2.39)d 
10.66 (2.15) 
0.678 (0.098) 
6.11 (2.17) 
8.82 (2.12) 
Shaft BMD 
BMC 
BA 
1.100 (0.140)d 
15.33 (2.62)dd 
13.91 (1.36)b,d 
1.170 (0.109)dd 
14.94 (2.97)dd 
12.67 (1.65) 
1.090 (0.132)d 
14.58 (2.98)d 
 13.27 (1.51) 
0.941 (0.150) 
11.49 (2.74) 
12.11 (1.49) 
Lumbar 
Spine 
BMD 
BMC 
BA 
0.892 (0.114)d 
43.26 (11.21)d 
47.94 (7.37)b,d 
0.883 (0.095) 
38.54 (8.93) 
43.17 (8.82) 
0.867 (0.122) 
39.50 (11.04) 
44.88 (6.99) 
0.791 (0.101) 
32.64 (8.67) 
40.79 (6.99) 
Arms BMD 
BMC 
BA 
0.784 (0.071)b,dd 
244.93 (64.87)bb,dd 
308.22 (58.14)bb,dd 
0.736 (0.047) 
188.34 (48.05) 
253.62 (51.89) 
0.747 (0.069)d 
212.89 (59.27)d 
281.00 (58.00)d 
0.690 (0.049) 
155.89 (40.58) 
223.71 (45.67) 
Legs BMD 
BMC 
BA 
1.091 (0.010)d 
779.05 (141.65)d 
709.83 (80.64)d 
1.124 (0.106)dd 
747.84 (175.02) 
657.46 (96.32) 
1.077 (0.116)d 
745.39 (179.21) 
684.24 (108.91) 
0.975 (0.103) 
612.28 (179.74) 
617.50 (102.23) 
Pelvis BMD 
BMC 
BA 
0.994 (0.087)d 
246.55 (57.43)d 
245.85 (41.36)dd 
1.025 (0.103)dd 
238.35 (63.80)d 
229.19 (40.89)d 
0.989 (0.130)d 
227.93 (63.75)d 
226.69 (37.38) 
0.888 (0.087) 
174.81 (45.97) 
194.07 (34.96) 
TBLH: Total body less head. Values are presented as mean ± SD.Superscript letters denote a higher 
significant difference with: a (swimmers), b (footballers), c (cyclists) and d (controls). a,b,c,d p<0.05 and 
aa,bb,cc,dd p<0.001. 
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Figures 4.1 and 4.2 (also supplementary table 4.1) present adjusted differences 
for the sports groups at different sites compared to the control group. Once the 
confounders were controlled for, differences remained significant and higher 
mainly in the football group compared to the other groups. More specifically, 
footballers had significantly higher BMD (8.8 % to 25.1 %) and BMC (7.9 % to 
29.5 %) than controls at all sites except for the lumbar spine and arms. In 
addition, footballers had significantly higher BMD and BMC at all sites except 
for the lumbar spine and arms than swimmers (BMD: 6.9 % to 13.9 %, BMC: 
8.4 % to 20.5 %) and cyclists (BMD: 5.2 % to 12.7 %, BMC: 6.7 % to 18.9 %). 
BA of footballers was significantly higher at pelvis site compared to the other 
groups (7.1 % to 8.9 %). Cyclists had 10.3 % significantly higher BMD only at 
the trochanter, 9.8 % higher BMC and 7.3 % higher BA only at the arms 
compared to controls. There was no significant difference in the other skeletal 
sites between cyclists and controls.  However, cyclists had non-significant 
higher bone outcomes (BMD: 3.4 % to 11.0 %, BMC: 1.1 % to 11.8 %) in the 
most sites of the skeleton. At lumbar spine cyclist had non-significant lower 
BMC (-1.9 %) compared to controls. No significant difference were found 
between swimmers and controls at any skeletal sites. However, swimmers had 
non-significant higher bone outcomes in most skeletal sites (BMD: 0.3 % to 
9.7 %, BMC: 0.8 % to 10.8 %). At the lumbar spine swimmers had non-
significant lower bone outcomes (BMD: -0.8 %, BMC: -4.6 %) compared to 
controls. Cyclists and swimmers had similar BMD, BMC and BA (-0.9 % to 
5.0 %) with no significant differences at any skeletal site. 
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Figure 4.1. Difference (%) in adjusted bone mineral density (BMD), content (BMC) and bone 
area (BA) between the sports groups and controls at the total body less head and hip sites. 
Letters denote a significant difference with: a (swimmers), b (footballers), c (cyclists) and d 
(controls). a,b,c,d p<0.05 and aa,bb,cc,dd p<0.001. 
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Figure 4.2.  Difference (%) in adjusted bone mineral density (BMD), content (BMC) and bone 
area (BA) between the sports groups and controls at the lumbar spine, pelvis, arms, and legs. 
Letters denote a higher significant difference with: a (swimmers), b (footballers), c (cyclists) and 
d (controls). a,b,c,d p<0.05 and aa,bb,cc,dd p<0.001. 
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Supplementary table 4.1. Adjusted data for DXA region-specific bone mineral content (BMC, g), density 
(BMD, g/cm2) and area (BA, cm2) of all participants 
Parameter
s 
 Swimmers 
(n=41) 
Footballers 
(n=37) 
Cyclists 
(n=29) 
Controls 
(n=14) 
TBLH BMD 
BMC 
BA 
0.888 (0.008) 
1462.44 (21.27) 
1628.11 (13.78) 
0.950 (0.008)aa,cc,dd 
1584.97 (22.09)a,c,d 
1659.72 (14.31) 
0.903 (0.008) 
1485.07 
(23.13) 
1622.53 
(14.98) 
0.873 (0.013) 
1468.36 
(35.64) 
1640.69 
(23.08) 
Total hip BMD 
BMC 
BA 
0.942 (0.015) 
26.67 (0.49) 
28.12 (0.25) 
1.050 (0.016)aa,cc,dd 
30.42 (0.50)aa,cc,dd 
28.88 (0.26) 
0.952 (0.016) 
26.96 (0.52) 
28.10 (0.27) 
0.871 (0.025) 
24.74 (0.79) 
27.65 (0.41) 
Femoral 
Neck 
BMD 
BMC 
BA 
0.934 (0.019) 
4.23 (0.08) 
4.56 (0.05) 
1.009 (0.020)d 
4.70 (0.08)aa,c,dd 
4.60 (0.05) 
0.966 (0.020) 
4.32 (0.08) 
4.56 (0.05) 
0.884 (0.031) 
3.94 (0.12) 
4.46 (0.08) 
Ward’s 
triangle 
BMD 
BMC 
BA 
0.910 (0.018) 
2.16 (0.06) 
2.37 (0.05) 
1.037 (0.019) aa,cc,dd 
2.49 (0.06)a,c,dd 
2.40 (0.05) 
0.920 (0.019) 
2.18 (0.06) 
2.36 (0.05) 
0.829 (0.030) 
1.95 (0.10) 
2.28 (0.08) 
Trochanter BMD 
BMC 
BA 
0.786 (0.014) 
8.23 (0.22) 
10.35 (0.19) 
0.890 (0.014)aa,cc,dd 
9.92 (0.22)aa,cc,dd 
11.10 (0.20) 
0.791 (0.014)d 
8.34 (0.23) 
10.42 (0.20) 
0.717 (0.022) 
7.66 (0.36) 
10.21 (0.31) 
Shaft BMD 
BMC 
BA 
1.069 (0.019) 
14.21 (0.25) 
13.23 (0.12) 
1.195 (0.020)aa,cc,dd 
15.79 (0.26)aa,cc,dd 
13.18 (0.12) 
1.081 (0.020) 
14.30 (0.27) 
 13.13 (0.13) 
0.994 (0.031) 
13.14 (0.42) 
12.98 (0.19) 
Lumbar 
Spine 
BMD 
BMC 
BA 
0.850 (0.014) 
38.29 (0.89) 
44.49 (0.53) 
0.902 (0.015) 
41.11 (0.93) 
45.28 (0.55) 
0.869 (0.015) 
39.46 (0.98) 
44.65 (0.58) 
0.857 (0.024) 
40.24 (1.51) 
45.62 (0.90) 
Arms BMD 
BMC 
BA 
0.752 (0.006) 
211.40 (3.15) 
276.16 (3.12) 
0.754 (0.007) 
209.28 (3.19) 
275.13 (3.16) 
0.752 (0.007) 
214.77 (3.41)d 
280.95 (3.38)d 
0.726 (0.011) 
195.68 (5.22) 
261.75 (5.17) 
Legs BMD 
BMC 
BA 
1.060 (0.011) 
713.53 (10.85) 
666.45 (6.82) 
1.148 (0.011)aa,cc,dd 
799.47 
(11.13)aa,cc,dd 
691.97 (6.99) 
1.068 (0.012) 
729.54 (11.51) 
675.52 (7.23) 
1.031 (0.018) 
707.81 (17.72) 
670.46 (11.13) 
Pelvis BMD 
BMC 
BA 
0.954 (0.012) 
216.33 (4.61) 
224.41 (2.76) 
1.047 (0.013)aa,c,dd 
255.68 (4.78)aa,cc,dd 
242.12 (2.86)aa,cc,dd 
0.988 (0.014) 
227.69 (5.03) 
226.18 (3.01) 
0.951 (0.021) 
218.61 (7.76) 
222.39 (4.65) 
TBLH: Total body less head. Values are presented as mean ± SE. Superscript letters denote a higher 
significant difference with: a (swimmers), b (footballers), c (cyclists) and d (controls). a,b,c,d p<0.05 and 
aa,bb,cc,dd p<0.001. Adjusted for age, height, calcium intake, MVPA and region-specific lean mass. 
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4.4.3 Bone geometry - Hip Structural Analysis 
The adjusted geometrical differences in narrow neck site between the groups 
are presented in Figure 4.3 and the raw differences are presented in 
supplementary table 4.2. Footballers had a significantly higher CSMI than 
controls (17.4 %), greater section modulus than cyclists (10.7 %) and controls 
(21.0 %), significantly higher CSA than swimmers (10.8 %), cyclists (8.7 %) and 
controls (19.3 %) and a significantly greater hip strength index than swimmers 
(20.7 %) and controls (38.9 %). Cyclists had only a significantly higher hip 
strength index compared to controls (28.6 %). Cyclists had non-significant 
higher geometrical outcomes compared to controls (CSMI: 6.4 %, Section 
modulus: 9.3 %, CSA: 9.8 %). Swimmers had non-significant higher geometrical 
outcomes compared to controls (CSMI: 7.8 %, Section modulus: 10.9 %, CSA: 
7.6 %, hip strength index: 15.1 %). Cyclists compared to swimmers had similar 
geometrical outcomes with minimal differences.  
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  FOO vs 
SWI 
FOO vs 
CYC 
FOO vs 
CON 
SWI vs 
CYC 
SWI vs 
CON 
CYC vs 
CON 
Neck Width 10.0% 3.1% 13.8% -6.3% 3.5% 10.3% 
Diameter FN 0.7% 1.0% 3.0% 0.3% 2.3% 2.0% 
CSMI 9.0% 10.4% 17.4%* 1.4% 7.8% 6.4% 
Section 
modulus 9.2% 10.7%* 21.0%** 1.5% 10.9% 9.3% 
CSA 10.8%** 8.7%* 19.3%** -1.9% 7.6% 9.8% 
Hip strength 
index  
20.7%* 8.0% 38.4%** -10.5% 15.1% 28.6%* 
 
Figure 4.3. Percentage of difference in adjusted geometrical parameters of the narrow neck site between groups. Neck 
Width (mm), CSA: Cross sectional area, CSMI: Cross sectional moment of inertia, FN: femoral neck.
*
 p<0.05 and 
**
 
p<0.001. 
  
CSA, 
CSMI, Z 
Diameter 
FN 
Neck 
Width 
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Supplementary table 4.2. Raw and adjusted data for Hip Structural Analysis (HSA) and 
Quantitative Ultrasound  (QUS) parameters of all participants 
Parameters Swimmers 
(n=41) 
Footballers 
(n=37) 
Cyclists 
(n=29) 
Controls 
(n=14) 
Neck Width (mm) 5.9 (1.9) 6.7 (1.8) 6.5 (2.0) 5.3 (1.3) 
Adjusted Neck Width (mm) 6.0 (0.3) 6.6 (0.3) 6.4 (0.3) 5.8 (0.5) 
Diameter of FN (mm) 31.4 (2.7)d 30.5 (2.8) 30.9 (2.6)d 28.4 (2.5) 
Adjusted Diameter of FN 
(mm) 
30.7 (0.3) 30.9 (0.3) 30.6 (0.3) 30.0 (0.5) 
CSMI (mm4) 8944 (2574)d 8471 (2607)d 8403 (2552)d 6021 (2673) 
Adjusted CSMI (mm4) 8212 (244) 8947 (250)d 8102 (259) 7618 (398) 
Section Modulus (mm3) 558.3 
(121.4)dd 
548.1 
(116.7)dd 
530.8 
(123.3)dd 
395.0 (123.4) 
Adjusted Section Modulus 
(mm3) 
523.6 (12.0) 571.5 
(12.3)c,dd 
516.1 (12.7) 472.2 (19.6) 
CSA (mm2) 137.2 
(20.2)dd 
140.9 
(20.4)dd 
135.9 (22.7)d 109.8 (21.0) 
Adjusted CSA (mm2) 131.1 (2.3) 145.3 
(2.4)aa,c,dd 
133.7 (2.4) 121.8 (3.8) 
Hip Strength Index  1.45 (0.35) 1.75 
(0.37)a,dd 
1.62 (0.34)d 1.26 (0.37) 
NA     
SI Dominant 91.6 (13.2)d 100.4 
(12.4)a,dd 
92.7 (11.5)d 81.3 (11.2) 
Adjusted SI Dominant Foot 89.6 (2.0) 101.6 
(2.1)aa,c,dd 
92.1 (2.2) 84.3 (3.3) 
SI Non-Dominant Foot 89.6 (11.9) 97.8 
(10.5)a,dd 
92.7 (13.8) 83.1 (12.2) 
Adjusted SI Non-Dominant 
Foot 
87.9 (1.9) 98.6 (1.9)a,d 91.9 (2.0) 86.0 (2.9) 
Values presented as mean ± SD. CSA: Cross sectional area, CSMI: Cross sectional moment 
of inertia, FN: femoral neck. NA: Not Applicable adjustment for Hip Strength Index. SI: 
Stiffness Index. Superscript letters denote a higher significant difference with: a (swimmers), 
b (footballers), c (cyclists), d (controls). a,b,c,d p<0.05, aa,bb,cc,dd p<0.001. Adjusted for age, 
height, calcium intake, MVPA and region-specific lean mass. 
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4.4.4 Quantitative ultrasound 
The adjusted bone stiffness values of the dominant and non-dominant foot are 
presented in Figure 4 and the raw differences are presented at supplementary 
table 2. Footballers had significantly higher bone stiffness in the dominant foot 
than swimmers (13.4 %), cyclists (10.3 %) and controls (20.1 %). In addition, 
footballers had significantly greater bone stiffness than swimmers (12.2 %) and 
controls (12.9 %) at the non-dominant foot. No significant differences were 
found between dominant vs. non-dominant foot within each group of 
participants. Cyclists had higher (non-significant) stiffness index compared to 
controls in both dominant (8.9 %) and non-dominant foot (5.3 %). Swimmers 
had higher (non-significant) bone stiffness at the dominant (5.9 %) and the non-
dominant (0.7 %) foot. Cyclists compared to swimmers had higher (non-
significant) bone stiffness at the dominant (2.7 %) and the non-dominant (4.4 %) 
foot. 
 
 
Figure 4.4. Difference (%) in adjusted stiffness index (SI) (mean±SE) between the sports 
groups and the controls at the dominant and non-dominant foot. Letters denote a higher 
significant difference with: a (swimmers), c (cyclists) and d (controls). a,b,c,d p<0.05 and 
Stiffness Index
SWIMMERS FOOTBALLERS CYCLISTS
0
5
10
15
20
25
Dominant Foot
Non-dominant foot
aa,c,dd
a,d
 %
 o
f d
iff
er
en
ce
 v
s 
C
on
tro
ls
139 
 
aa,bb,cc,dd p<0.001. No differences observed between dominant and non-dominant foot at the 
groups. 
 
4.5 Discussion  
The key findings from this study are: 1) footballers presented greater adjusted 
BMD and BMC including clinical relevant sites, an enhanced hip structural 
geometry at the narrow neck and a greater bone stiffness index compared to 
swimmers, cyclists and controls, and 2) swimmers and cyclists had similar bone 
mass, geometry and bone stiffness and both groups had higher but not 
significant bone outcomes compared to controls. The impact of osteogenic 
(football) and non-osteogenic sports (swimming and cycling) on bone-related 
outcomes has not previously been compared in adolescent male athletes and 
there is equivocal evidence on the effects of these sports on bone outcomes 
(Vicente-Rodriguez et al., 2004b, Olmedillas et al., 2011, Gomez-Bruton et al., 
2015). To date, there are no studies published using a combination of methods 
such as DXA, HSA and QUS to assess bone outcomes in this population and 
there are a lack of studies taking into consideration the relevant confounders 
based on the characteristics of the groups studied. The findings of the present 
study therefore provide a more comprehensive assessment into the effect of 
sports participation on bone outcomes in male adolescents. 
4.5.1 Bone outcomes in footballers vs controls 
Participation in osteogenic sports during adolescence can induce greater 
adjusted BMD compared to leisure active controls at many sites of the skeleton 
due to the mechanical loading applied (Maimoun et al., 2013b). A previous 
study reported a 10.7 % and 10.5 % higher adjusted BMC at the total hip and 
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lumbar spine respectively, in prepubescent male football players (n= 39) 
compared to active controls (n= 13) (Zouch et al., 2008). The magnitude of the 
differences might differ among studies due to the use of different confounders 
and the characteristics of the participants. 
In parallel with the findings for BMD and BMC, the geometrical adaptations 
examined by HSA at the narrow neck of the femoral neck also supported the 
higher bone geometry in footballers (Figure 3). One study in oligoamenorrheic 
female athletes showed that engagement in weight-bearing sports for 4 hours 
per week resulted in significantly higher CSMI and section modulus compared 
to non-athletes (Ackerman et al., 2013), which is consistent with the improved 
structural rigidity we found in footballers. 
Previous studies using QUS technique observed positive associations between 
PA and calcaneal bone stiffness index in a sample of Flemish children and 
adolescents (De Smet et al., 2015). Our results are in agreement with a study 
reporting that child and adolescent football players have significantly higher 
QUS parameters at lower extremities compared with age matched controls 
(Falk et al., 2010). 
4.5.2 Bone outcomes in swimmers vs controls 
A recent meta-analysis of fourteen studies summarized that swimming does not 
induce improvements in BMD during childhood and adolescence and that 
swimmers present similar BMD compared to sedentary controls (Gomez-Bruton 
et al., 2016b). We found similar BMD and BMC between swimmers and active 
controls concurs with this meta-analysis,  which presents neutral effects of 
swimming on BMD and BMC at most skeletal sites of the skeleton compared to 
active controls . The latter could be due to the fact that swimmers and controls 
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have similar bone profile as muscle contraction is not enough to produce bone 
adaptations (Maimoun et al., 2013b).  
The HSA at the narrow neck site showed that adolescent male swimmers have 
similar bone geometry parameters compared to active controls. To our 
knowledge there is no previous evidence using the HSA technique in 
adolescent male swimmers. Only one study have used HSA in elite adolescent 
female swimmers and showed that they had similar bone geometry compared 
with controls (Maimoun et al., 2013b). The latter study highlighted the 
importance of lean body mass as it was highly correlated with CSA and hip 
strength index. 
Regarding QUS, we found similar bone stiffness index in both dominant and 
non-dominant foot of swimmers compared to controls. A previous study in 
adolescents reported similar QUS parameters between swimmers and controls 
and indicated that bone adaptations due to swimming might be counterbalanced 
by other weight-bearing activities (up to 3 hours per week) (Gomez-Bruton et al., 
2015), however this cannot be the case in our study because the QUS 
parameters were controlled for MVPA.  
4.5.3 Bone outcomes in cyclists vs controls 
A systematic review revealed that road cyclists did not have any osteogenic 
benefits due to the non-mechanical loading character of the sport (Olmedillas et 
al., 2012). A previous study conducted in adolescent female cyclists showed 
they had similar BMD compared to non-athletic controls after adjusting for years 
since menarche, lean mass and sport specific training (Duncan et al., 2002b). 
According to our study, the skeletal differences between cyclists and active 
controls are site dependent and more specifically we found significantly greater 
142 
 
BMC at the arms after controlling for region-specific lean mass and MVPA 
among other confounding factors. 
There is no previous evidence using HSA technique in adolescent cyclists and 
only a few studies used volumetric bone parameters. One study conducted in 
adolescent female cyclists found no significant differences in CSA and CSMI in 
cyclists compared to controls (Duncan et al., 2002b) which is in accordance with 
our study. However, it should be noted that in our study the HSA revealed 
cyclists had significantly higher hip strength index than controls (28.6 %), 
something that was not observed with BMD and BMC at any of the hip variables 
analysed with DXA. This might be explained by the fact that geometrical bone 
outcomes may differ from BMD and BMC when using DXA. 
The effect of cycling on bone properties using QUS has not been previously 
evaluated and to the best of our knowledge this study is first that provides 
evidence for this population. We did not find differences on stiffness index 
between cyclists and controls, but cyclist had non-significant higher stiffness 
index in both the dominant (8.9 %) and non-dominant (5.3 %) foot compared to 
controls. Our results support the findings of previous studies that the loading 
pattern of sports participation may influence the bone stiffness index in 
adolescents (Falk et al., 2003).  
4.5.4 Comparison of bone outcomes between footballers, swimmers and 
cyclists 
In the present study the comparison between osteogenic (football) and non-
osteogenic sports (cycling and swimming) showed that adolescent male 
footballers had significantly greater adjusted BMD and BMC compared to 
swimmers and cyclists at all sites of the skeleton except for the lumbar spine 
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and the arms. A previous study in athletic adolescent females reported that 3 
hours per week of football participation induced greater improvements in height 
and lean mass adjusted BMD and BMC compared to swimmers at femoral neck 
and other sites of the skeleton (Ubago-Guisado et al., 2015a). Only one study 
investigated the effects on bone mass between adolescent male footballers and 
swimmers and reported greater BMD at the femoral neck site in the footballers 
(Silva et al., 2011). To our knowledge, no previous evidence exists on the 
assessment of bone mass between footballers and cyclists in adolescents. Only 
one study in children reported positive associations between BMD and football 
participation and negative associations found between BMD and cycling 
participation (Slemenda et al., 1991).  
In our study there was no significant difference observed in BMD and BMC 
between adolescent male swimmers and cyclists at any site of the skeleton. A 
recent review summarised the impact of sport participation on peak bone mass 
and it reported that both swimming and cycling may not be associated with 
significant improvements in bone health (Tenforde et al., 2015). The 
comparison of BMD and BMC between swimmers and cyclists has been 
assessed only once in female adolescents, reporting similar values at all 
skeletal sites after taking into account potential confounders (Duncan et al., 
2002b). The differences observed in the current study are likely to be explained 
by the non weight-bearing environment of both swimming and cycling and by 
the mechanical loading of the skeleton according to the impact of produced by 
the sport specific patterns. In addition, weight training and the plyometric 
exercises might induce higher bone mass in adolescent athletes (Gunter et al., 
2008a). A study in adolescent swimmers has shown that participation of  
adolescent swimmers in other weight-bearing sports or activities involving 
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plyometric exercises can induce higher BMD and BMC (Gomez-Bruton et al., 
2015). In our study, a subsample of our participants has been asked about 
weight training and we have shown that almost all footballers were involved in 
plyometric exercise training. A large number (70.7 %) of the swimmers reported 
participation in plyometric training, but only a few cyclists (37.9 %) were doing 
plyometric exercises. The participation in plyometric training or other weight-
bearing activities might explain the difference on bone outcomes between 
adolescent athletes and needs further investigation to quantify the impact of 
weight training on bone outcomes. 
In parallel with the BMD and BMC findings, the bone geometry evaluated by 
HSA at the narrow neck of the femoral neck was also higher in footballers 
compared to swimmers and cyclists. Previous research in adolescent female 
footballers and swimmers showed that the CSA area and section modulus were 
significantly higher in footballers compared to swimmers at the narrow neck site 
which is in agreement with our results (Ferry et al., 2011). There is no evidence 
comparing football and cycling in children and adolescents and the only 
evidence exists in young females (21 - 28 years) which found that footballers 
had approximately 10 % higher CSA compared to cyclists and after adjusting for 
age, weight and height, these results are in accordance with our findings 
(Nikander et al., 2005).  
In relation to QUS parameters we found improved bone stiffness in footballers 
compared to cyclists and swimmers at the dominant foot and higher bone 
stiffness in footballers compared to swimmers at the non-dominant foot. As 
there is no evidence using QUS in similar age athletic groups, we identified a 
study in young adults (18-22 years) that reported higher bone stiffness in 
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footballers compared to swimmers at the dominant and non-dominant heels 
(Yung et al., 2005) which complies with the findings of the present study.  
The strengths of the current study are 1) the investigation of bone outcomes 
across three male adolescent athletic groups that were not compared before; 2) 
the combination of DXA, HSA software and QUS outcomes which provides a 
thorough insight of the differences in BMD, BMC, bone geometry and bone 
stiffness; 3) the rigorous methodology and strong internal validity to control for 
specific confounders. It should be noted that the limitation of the cross-sectional 
study precludes any determination of causality in our findings. Nevertheless, our 
population had strict age inclusion criteria and sport participation characteristics. 
The limitations of the self-reported maturation assessment should be noted. 
Most of the participants of our control group met the physical activity guidelines 
due to inclusion criteria used, but we know that most adolescents of this age do 
not meet the guidelines (Riddoch et al., 2007). However, in this specific case, it 
seems reasonable to propose that sport participation could have different 
effects on bone-related outcomes depending on the characteristics of the sport 
practiced. Therefore, more studies are needed to focus on the determinants 
affecting bone health for athletic groups during youth. 
4.6 Conclusions 
This study is the first to investigate the impact of weight-bearing (football) and 
non weight-bearing sports on bone outcomes in adolescent males. The findings 
of this study indicate that participation in weight-bearing sports, such as football, 
can induce greater improvements in bone mass, bone geometry and stiffness 
index compared to non weight-bearing sports, such as swimming and cycling 
and compared to controls. Swimmers and cyclists had similar bone outcomes 
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and both groups had higher bone outcomes compared to controls, but these 
differences were not statistically significant. These findings add to the sport 
participation recommendations that specific musculoskeletal training may affect 
the bone development during adolescence. Further longitudinal analyses of the 
specific sports are needed for this population in order to identify if these effects 
will be different after a longer period of sports participation. 
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5. Determinants of bone outcomes in adolescent 
athletes at baseline 
 
5.1 Abstract 
Purpose: The determinants of areal bone mineral density (aBMD) and hip 
geometry estimates in adolescent athletes are poorly understood. This study 
aimed to identify the determinants of aBMD and hip geometry estimates in 
adolescent male athletes. Methods: One hundred and twenty-one males 
(13.1±0.1 years) were measured: 41 swimmers, 37 footballers, 29 cyclists and 
14 controls. Dual energy X-ray absorptiometry (DXA) measured aBMD at 
lumbar spine, femoral neck (FN) and total body. Hip structural analysis 
evaluated hip geometry estimates at the FN. Multiple linear regression 
examined the contribution of the sports practised, height, lean and fat mass, 
serum calcium and vitamin D, moderate to vigorous physical activity (MVPA), 
vertical jump and cardiorespiratory fitness (CRF) with aBMD and hip geometry 
estimates. Results: Region specific lean mass was the strongest positive 
predictor of aBMD (β = 0.614 - 0.931) and football participation was the next 
strongest predictor (β = 0.304 - 0.579). Height (β = 0.235 - 0.380), fat mass (β = 
0.189), serum calcium (β = 0.103), serum vitamin D (β = 0.104 - 0.139) and 
vertical jump (β = 0.146 - 0.203) were associated with aBMD across various 
specific sites. All hip geometry estimates were associated with lean mass (β = 
0.370 - 0.568) and height (β = 0.338 - 0.430). Football participation was 
associated with hip cross-sectional area (β = 0.322) and MVPA (β = 0.140 - 
0.142). CRF (β = 0.183 - 0.207) was associated with section modulus and 
cross-sectional moment of inertia. Conclusions: Region specific lean mass is 
the strongest determinant of aBMD and hip geometry estimates in adolescent 
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male athletes. Football participation and height were important determinants for 
aBMD and hip geometry estimates while the contribution of the other predictors 
was site specific. 
Keywords body composition; bone mass; exercise, lean mass, predictors, sport 
participation. 
 
 
5.2 Introduction 
 During growth and maturation changes in bone density and geometry occur in 
order to withstand the forces applied through external loading of the skeleton 
(Frost, 2003). Peak bone mass is achieved by early adulthood and is largely 
determined by non-modifiable genetic factors (Duren et al., 2007). However, 
modifiable factors, such as nutrition (Mouratidou et al., 2013) and physical 
activity (Gracia-Marco et al., 2011a), are also known to alter peak bone mass. 
Exercise can significantly enhance areal bone mineral density (aBMD) and 
strength at loaded sites in children but not in adults (Nikander et al., 2010). 
Optimal bone development can be achieved with adequate status of key 
nutrients, such as calcium and vitamin D, and may attenuate exercise-induced 
adaptations of aBMD (Harvey et al., 2012). The type of sport practised can 
affect the skeletal development differently depending on training characteristics 
(Ubago-Guisado et al., 2015a). Participation in weight bearing sports, such as 
football, is associated with greater areal bone mineral density than non-weight 
bearing sports, such as swimming and cycling (Ferry et al., 2011, Vlachopoulos 
et al., 2017c). However, it is poorly understood why the differences exist 
between different athletic groups and there is limited understanding of the 
determinants of aBMD and hip geometry in adolescent male athletes. 
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Total body lean mass has a positive association with aBMD in the growing 
skeleton (Gracia-Marco, 2016) but controversy currently exists surrounding the 
association between fat mass and aBMD (El Hage et al., 2009). There is no 
evidence distinguishing the site specific effects of lean mass and fat mass on 
aBMD in adolescent athletes and there are inconsistencies in the use of 
confounders to adjust bone parameters in non-athletic groups. Data on non-
athletic prepubescent females indicate that leg lean mass is the most important 
predictor of bone mineral content at the leg and femoral neck sites (Daly et al., 
2008). Although a positive association between fat mass and aBMD has been 
reported in non-athletic adolescents males and females (Sayers and Tobias, 
2010), this is explained by an increase in lean mass (Gracia-Marco et al., 2012). 
To date, there is no evidence explaining the effects of lean and fat mass on 
bone outcomes in adolescent athletes, which is of great interest due to the 
importance of body composition in athletic groups. Cardiorespiratory (CRF) and 
muscular fitness (vertical jump) have also been found to be positively 
associated with bone outcomes in non-athletic adolescents (Gracia-Marco et al., 
2011c, Baptista et al., 2016), but their contribution on bone parameters in 
adolescent athletes is poorly understood. 
Geometric properties of the hip, such as cross-sectional area (CSA), obtained 
by using hip structural analysis (HSA) software, can provide further insight into 
the determinants of bone hip geometry estimates (Khoo et al., 2005). During 
growth, bones adapt their geometry due to increases in height, lean and fat 
mass (Daly et al., 2008) and geometric parameters of the femur neck (FN) are 
closely adapted to lean mass (Petit et al., 2005). The primary predictor of bone 
hip geometry in non-athletic boys and girls is muscle CSA, accounting for 10 – 
16 % of the variance (Macdonald et al., 2006), while other factors such as 
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moderate to vigorous physical activity (MVPA) can have a site specific influence 
on bone geometry (Michalopoulou et al., 2013).  
As highlighted above, numerous factors have been shown to be related to bone 
outcomes in non-athletic adolescents, but the determinants of aBMD and hip 
geometry in adolescent male athletes have yet to be comprehensively 
investigated. Therefore, this study aims to provide novel insight into the 
contribution of the independent predictors of sports participation (football, 
swimming and cycling), height, region specific lean and fat mass, serum 
calcium and vitamin D, MVPA, muscular fitness and CRF (all adjusted by each 
other) on aBMD and hip geometry estimates in adolescent male athletes. It is 
hypothesized that football participation, lean mass and height would be the 
most important determinants of aBMD and hip geometry estimates in 
adolescent male athletes. It is proposed that other modifiable factors (e.g. 
nutrition, MVPA and fitness) would have a small but significant contribution on 
bone outcomes.  
5.3 Methods 
5.3.1 Study design and participants 
Participants comprised 121 adolescent males (41 swimmers, 37 footballers, 29 
cyclists and 14 controls) participating in the PRO-BONE (effect of a PROgram 
of short bouts of exercise on BONE health in adolescents involved in different 
sports) longitudinal study (Vlachopoulos et al., 2015). The data in the current 
study are taken from the baseline data of the PRO-BONE study and was 
completed between autumn and winter 2014/15. The inclusion and exclusion 
criteria were: 1) males 12–14 years old, engaged (≥3 h/week) in osteogenic 
(football) and/or non-osteogenic (swimming and cycling) sports for the last 3 
years or more; 2) active males 12–14 years old who were not engaged in 
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football, cycling and swimming (≥3 h/week) in the last 3 or more years but who 
were physically active (control group); 3) not taking part in another clinical trial; 
4) not having an acute infection lasting until < 1 week before inclusion; 5) to be 
free of any medical history of diseases or medications affecting bone 
metabolism; 6) to be white Caucasian.  
Participants were recruited from athletic clubs and schools across the South 
West of England. Written informed consent and assent forms were signed from 
parents and participants accordingly and all participants completed the first visit 
at the research centre as part of the study. The methods and procedures of the 
study have been checked and approved by: 1) the Ethics Review Sector of 
Directorate-General of Research (European Commission, ref. number 618496); 
2) the Sport and Health Sciences Ethics Committee (University of Exeter, ref. 
number 2014/766) and 3) the National Research Ethics Service Committee 
(NRES Committee South West – Cornwall & Plymouth, ref. number 
14/SW/0060). 
5.3.2 Dual energy x-ray absorptiometry 
A dual energy X-ray absorptiometry (DXA) scanner (GE Healthcare Inc., 
Wisconsin, USA) was used to measure aBMD (g/cm2), fat mass (g) and lean 
mass (g) at specific regions of the body. Four scans were performed to obtain 
data for the lumbar spine (LS, L1-L4), bilateral proximal femora (the mean of 
both was used for the current analysis) and the total body. The total body scan 
was then used to obtain data for specific regions such as: arms, legs and total 
body less head (TBLH). All DXA scans and subsequent in-software analyses 
were completed by the same researcher, using the same DXA scanner and the 
GE encore software (2006, version 14.10.022). 
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5.3.3 Hip structural analysis 
Hip geometry estimates at the FN were determined using HSA software which 
analyses the distribution of bone mineral mass in a line of pixels across the 
bone axis. The hip geometry estimates of the bone were obtained and the 
following variables used: 1) the cross sectional area (CSA, mm2), which is the 
total bone surface area of the hip excluding the soft tissue area and the 
trabecular bone; 2) the cross-sectional moment of inertia (CSMI, mm4), which is 
an index of structural rigidity and reflects the distribution of mass in the centre of 
a structural element; and 3) section modulus (Z, mm3), which is an indicator of 
maximum bending strength in a cross section. The short term precision 
percentage coefficient of variation of these variables has been reported to be 
between 2.4 % and 10.1 % (Khoo et al., 2005). 
5.3.4 Anthropometry, physical activity and nutritional markers 
Height (cm) and body mass (kg) were measured using a stadiometer 
(Harpenden, Holtain Ltd, Crymych, UK) and an electronic scale (Seca 877, 
Seca Ltd, Birmingham, UK), respectively. Body mass index was calculated as 
body mass (kg) divided by the height (m) squared. Sexual maturation was self-
reported using adapted drawings of the five stages (Tanner) of pubic hair 
(Tanner and Whitehouse, 1976). 
Physical activity was measured for seven consecutive days using validated 
wrist accelerometers (GENEActiv, GENEA, UK) (Esliger et al., 2011). 
Participants were instructed to place the accelerometer on their non-dominant 
wrist and data was collected at 100 Hz. Data were analysed using 1 s epoch to 
establish time spent in MVPA using a cut-off point of ≥ 1140 counts per minute 
previously validated in youth (Phillips et al., 2013). 
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Total serum levels of calcium and 25 hydroxyvitamin D [25(OH)D] were 
analysed. Serum samples were analysed by using ELISA kits (Abbexa Ltd., 
Cambridge, UK) for 25(OH)D and had a test range of 3 - 80 μg∙mL-1 and a 
sensitivity of 1.2 μg∙mL-1 (inter and intra-assay CVs: 5.7 % and 9.5 % 
respectively). Total serum levels of calcium was measured using direct 
colorimetric assay (Cayman Chemical Company, MI, U.S.A.) and had linear 
assay range of 0.25-10 mg∙mL-1 (inter and intra-assay CVs: 8.1 % and 12.8 % 
respectively). 
5.3.5 Physical fitness 
The fitness tests used in the present investigation have been shown to be 
reliable and valid in youth (Ortega et al., 2008). A counter movement vertical 
jump test was used to provide an estimate of lower limb muscular power. The 
jumps were performed on a jump mat (Probotics Inc., Huntsville, USA) which 
calculates jump height based on flight time. Each participant performed three 
maximal vertical jumps and the highest jump was used for the analysis.  
Cardiorespiratory fitness was evaluated using the 20 m shuttle run test (Leger 
et al., 1988). The test ended when the participants failed to reach the line on 
two consecutive occasions. The last completed shuttle determined the score of 
the test and the number of shuttles completed was taken as an indicator of CRF. 
5.3.6 Statistical analyses 
Data were analysed using SPSS IBM statistics (version 21.0 for Windows, 
Chicago, IL, USA) and descriptive data are reported as mean and standard 
deviation (SD). The normal distribution of the raw variables and of the 
regression model residuals was checked and verified using Shapiro-Wilk's test, 
skewness and kurtosis values, visual check of histograms, Q-Q and box plots. 
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Collinearity was checked for the variables using the variance inflation factor 
(VIF) and tolerance levels. One way analysis of variance (ANOVA) with 
Bonferroni post hoc comparisons and Chi-Square tests were used to detect 
between-group mean differences for the descriptive variables (table 1). 
Multiple linear regression analyses were used to examine the contribution of 
sport participation, height, lean mass, fat mass, total calcium, 25(OH)D, MVPA, 
vertical jump and 20 m shuttle run test to bone outcomes. The selection of the 
predictors was based on their relationship with bone outcomes (Petit et al., 
2005, Macdonald et al., 2006, Sioen et al., 2012). To account for the differences 
between the sports groups a dummy variable was computed (footballers, 
swimmers, cyclists and controls) and controls were selected as the reference 
group.  In a preliminary analysis we found that Tanner stage was not a 
significant predictor after adjusting for height and age and consequently was not 
included in the model. All remaining predictors were entered into the regression 
models simultaneously. For the multiple linear regressions, the standardised 
regression coefficients (β) are reported and significance was set at alpha level 
of 0.05. The squared semi-partial correlation coefficients (sr2) were used to 
determine the contribution of each predictor in the overall variance of the model 
after removing shared contributions with other predictors. 
5.4 Results 
5.4.1 Characteristics of the participants 
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Table 5.1. Descriptive characteristics of the participants 
Characteristics All 
(n=121) 
Swimmers 
(n=41) 
Footballers 
(n=37) 
Cyclists 
(n=29) 
Controls 
(n=14) 
Age (yrs) 13.1 (1.0) 13.4 (1.0)b,dd 12.8 (0.9) 13.2 (1.0)d 12.3 (0.5) 
Height (cm) 159.9 (10.6) 165.5 (9.7)bb,d 155.2 (9.3) 160.8 (9.9) 154.5 (9.9) 
Pubertal maturation  
(I/II/III/IV/V) (%) 
(18/29/21/30/2) (13/25/13/46/3
) 
(24/35/25/16) (13/28/28/28/3
) 
(29/21/21/29) 
Body composition  
Body mass (kg) 48.7 (10.4) 52.4 (9.0)bb 44.3 (7.9) 49.5 (12.3) 48.3 (13.0) 
BMI (kg/m2) 18.9 (2.3) 19.0 (1.7) 18.3 (1.4) 18.9 (3.3) 20.0 (3.4) 
Lean mass (kg) 37.6 (8.4) 41.6 (9.1)b,dd 35.4 (7.2) 37.7 (7.5) 31.7 (5.5) 
Fat mass (kg) 8.5 (5.5) 8.3 (3.2) 6.6 (2.4) 8.6 (7.2) 14.1 
(8.5)a,bb,c 
Micronutrient status  
Total Calcium (mg/dl) 9.98 (0.41) 10.01 (0.46) 9.97 (0.4) 9.94 (0.41) 10.0 (0.35) 
25 (OH)D (μg/l) 14.13 (1.25) 13.75 (1.19) 14.44 (1.63) 14.38 (0.58) 13.92 (0.94) 
Physical activity and 
fitness 
 
MVPA (min/day) 101.3 (33.8) 85.9 (30.4) 119.8 (29.7)aa,d 107.2 (33.3)a 83.2 (26.8) 
Vertical jump height (cm) 41.0 (6.7) 42.3 (6.9)d 41.4 (6.0)d 41.0 (6.8) 35.9 (5.8) 
CRF (No of shuttles) 69.3 (24.2) 69.6 (20.3)dd 82.9 (17.6)a,c,dd 69.6 (21.2)dd 31.8 (16.1) 
Weekly training hours (h) 7.5 (4.8) 9.5 (5.1)cc 10.0 (2.3)cc 5.1 (2.1) - 
Bone  mineral density 
(DXA) 
 
TBLH BMD (g/c m2) 0.908 (0.079) 0.918 (0.067)d 0.931 (0.071)dd 0.905 (0.086)d 0.828 (0.071) 
Lumbar Spine BMD 
(g/cm2) 
0.872 (0.112) 0.892 (0.114)d 0.883 (0.095) 0.867 (0.122) 0.791 (0.101) 
Femoral Neck BMD (g/c 
m2) 
0.9516 (0.110) 0.948 (0.098)d 1.001 (0.081)dd 0.975 (0.192)d 0.832 (0.118) 
Total Hip BMD (g/c m2) 0.968 (0.119) 0.962 (0.107)dd 1.034 
(0.085)a,c,dd 
0.959 (0.116)dd 0.830 (0.116) 
Legs BMD (g/c m2) 1.084 (0.113) 1.091 (0.010) 1.124 (0.106) 1.077 (0.116) 0.975 (0.103) 
Arms BMD (g/c m2) 0.750 (0.068) 0.784 
(0.071)b,dd 
0.736 (0.047) 0.747 (0.069)d 0.690 (0.049) 
Bone geometry (HSA)  
CSA (mm2) 134.9 (22.7) 137.2 (20.2)dd 140.9 (20.4)dd 135.9 (22.7)d 109.8 (21.0) 
Z (mm3) 530.9 (126.5) 558.3 (121.4)dd 548.1 (116.7)dd 530.8 (123.3)dd 395.0 (123.4) 
CSMI (mm4) 8331.5 (2644) 8943.5 (2574)d 8471.6 (2607)d 8403.1 (2552)d 6020.7 
(2673) 
Values presented as mean ± SD. BMD: Bone mineral density, BMI: Body mass index, CRF: Cardiorespiratory 
fitness, CSMI: Cross sectional moment of inertia, CSA: Cross sectional area, DXA: Dual-energy X-ray 
absorptiometry, MVPA: Moderate to vigorous physical activity, Z: section modulus, 25(OH)D: 25-hydroxyvitamin D. 
Superscript letters denote a higher significant difference with: a (swimmers), b (footballers), c (cyclists), d 
(controls), 
a,b,c,d p<0.05, aa,bb,cc,dd p<0.001. 
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The raw descriptive characteristics of the participants and the differences 
between sports groups are presented in Table 5.1. Swimmers were significantly 
older, taller, heavier and had more lean mass than the footballers and controls, 
and cyclists were significantly older than controls. All groups were similar for 
total serum calcium and 25(OH)D. Swimmers had significantly higher muscular 
and CRF than the controls. Footballers spent significantly more time in MVPA 
compared to swimmers and controls and had a significantly higher CRF 
compared to all the other groups. Cyclists had significantly higher MVPA than 
swimmers and significantly higher CRF than controls. 
The unadjusted data showed that swimmers had significantly higher aBMD at 
the arms compared to footballers and higher aBMD at all sites except for the 
legs compared to controls. Footballers had significantly higher aBMD at TBLH, 
FN compared to controls and higher aBMD at TH compared to all groups. 
Cyclists had significantly higher aBMD at all sites expect LS and legs compared 
to controls. Swimmers, footballers and cyclists had significantly enhanced hip 
geometry estimates compared to controls. 
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Table 5.2. Multiple regression models for aBMD variables in adolescent male athletes 
 Predictors β 
STD 
sr2 
value
s 
P 
value
s 
 Predictors β 
STD 
sr2 
value
s 
P 
value
s 
TBLH 
aBMD 
(R2=0.75) 
 
Footballers 
Swimmers 
Cyclists 
Height 
Lean mass 
Fat mass 
Calcium 
25(OH)D 
MVPA 
Vertical 
jump 
CRF 
 
.374 
.077 
.139 
.056 
.617 
.189 
.082 
.083 
-.003 
.146 
.136 
.031 
.002 
.006 
.000 
.045 
.015 
.006 
.006 
.000 
.010 
.006 
 
<.001 
.404 
.114 
.662 
<.001 
.013 
.125 
.120 
.955 
.043 
.115 
Total Hip 
aBMD 
(R2=0.53) 
 
Footballers 
Swimmers 
Cyclists 
Height 
Lean mass 
Fat mass 
Calcium  
25(OH)D 
MVPA 
Vertical jump 
CRF 
.549 
.161 
.212 
.216 
.226 
-.020 
.109 
.035 
.026 
.133 
.102 
.068 
.007 
.014 
.007 
.006 
.000 
.010 
.001 
.000 
.008 
.003 
<.001 
.211 
.080 
.215 
.238 
.857 
.137 
.628 
.741 
.192 
.382 
Lumbar 
Spine 
aBMD 
(R2=0.59) 
 
Footballers 
Swimmers 
Cyclists 
Height 
Lean mass 
Fat mass 
Calcium 
25(OH)D 
MVPA 
Vertical 
jump 
CRF 
.094 
-.061 
-.008 
-.090 
.703 
-.014 
.084 
.139 
.007 
.203 
.000 
.002 
.001 
.000 
.001 
.058 
.000 
.006 
.016 
.000 
.019 
.000 
.475 
.603 
.945 
.582 
<.001 
.885 
.222 
.043 
.927 
.028 
1.000 
Legs 
aBMD 
(R2=0.75) 
 
Footballers 
Swimmers 
Cyclists 
Height 
Lean mass 
Fat mass 
Calcium  
25(OH)D 
MVPA 
Vertical jump 
CRF 
.304 
.024 
-.061 
.068 
.614 
.147 
.055 
.067 
-.021 
.107 
.153 
.034 
.002 
.003 
.001 
.046 
.008 
.003 
.004 
.000 
.005 
.008 
<.001 
.689 
.347 
.596 
<.001 
.067 
.305 
.212 
.711 
.153 
.076 
          
Femur 
Neck 
aBMD 
(R2=0.49) 
 
Footballers 
Swimmers 
Cyclists 
Height 
Lean mass 
Fat mass 
Calcium 
25(OH)D 
MVPA 
Vertical jump 
CRF 
.486 
.131 
.208 
.380 
.052 
.074 
.077 
.015 
.039 
.184 
.154 
.053 
.005 
.013 
.021 
.000 
.002 
.005 
.000 
.001 
.015 
.008 
.001 
.326 
.099 
.038 
.792 
.515 
.311 
.847 
.635 
.083 
.208 
Arms 
aBMD 
(R2=0.76) 
 
Footballers 
Swimmers 
Cyclists 
Height 
Lean mass 
Fat mass 
Calcium  
25(OH)D 
MVPA 
Vertical jump 
CRF 
.140 
.170 
.158 
.235 
.931 
.132 
.103 
.104 
-.037 
.058 
.066 
.004 
.008 
.008 
.013 
.161 
.007 
.009 
.009 
.001 
.002 
.002 
.161 
.058 
.066 
.016 
<.001 
.069 
.049 
.045 
.503 
.404 
.406 
β: standardised regression coefficient, aBMD: Areal bone mineral density,  CRF: Cardiorespiratory fitness, 
MVPA: Moderate to vigorous physical activity,  sr2:  Squared semi-partial correlation coefficients, 25(OH)D: 
25-hydroxyvitamin D. 
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5.4.2 Determinants of bone density and hip geometry estimates 
Multivariate regression models significantly explained 49.0% - 76.4% (on 
average, 60.0%) of the variance in the aBMD outcomes (Table 5.2). Region 
specific lean mass and football participation were consistently the strongest 
significant predictors of aBMD at TBLH, LS, TH, legs and arms (β = 0.614 - 
0.931, sr2 = 0.031 - 0.161, P < 0.01). Football participation (compared to the 
control group) was positively associated with aBMD at TBLH, FN, TH and legs 
(β = 0.304 - 0.579, sr2 = 0.031 - 0.068, P < 0.01). Height was positively 
associated with aBMD at FN and arms (β = 0.235 - 0.380, sr2 = 0.021, P < 0.05). 
Region specific fat mass was positively associated with aBMD at TBLH (β = 
0.189, sr2 = 0.015, P < 0.05). Serum calcium was positively associated with 
aBMD at the arms (β = 0.103, sr2 = 0.009, P < 0.05). In addition, serum 
25(OH)D was positively associated with aBMD at the arms and LS (β = 0.104 - 
0.139, sr2 = 0.009, P < 0.05). Muscular fitness was positively associated with 
aBMD at TBLH and LS (β = 0.146 - 0.203, sr2 = 0.010 - 0.019, P < 0.05). CRF 
was not associated with aBMD outcomes at any skeletal site after accounting 
for the other predictors. 
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Table 5.3. Multiple regression models for bone geometry estimates in adolescent male athletes 
 Predictors β 
STD 
sr2 
value
s 
P 
value
s 
 Predictors β 
STD 
sr2 
values 
P  
values 
CSA 
(R2=0.72) 
 
Footballers 
Swimmers 
Cyclists 
Height 
Lean mass 
Fat mass 
Calcium  
25(OH)D 
MVPA 
Vertical jump 
CRF 
.322 
.068 
.123 
.394 
.370 
-.010 
.025 
-.038 
.103 
.029 
.178 
.023 
.001 
.005 
.023 
.017 
.000 
.001 
.001 
.008 
.000 
.010 
.004 
.495 
.190 
.004 
.014 
.905 
.657 
.498 
.093 
.713 
.051 
Z 
(R2=0.78) 
 
Footballers 
Swimmers 
Cyclists 
Height 
Lean mass 
Fat mass 
Calcium  
25(OH)D 
MVPA 
Vertical 
jump 
CRF 
.157 
.019 
.005 
.417 
.430 
-.040 
.016 
-.054 
.142 
-.024 
.207 
.005 
.000 
.000 
.025 
.023 
.001 
.000 
.003 
.014 
.000 
.014 
.109 
.831 
.951 
.001 
.001 
.592 
.755 
.281 
.010 
.734 
.012 
          
CSMI 
(R2=0.78) 
 
Footballers 
Swimmers 
Cyclists 
Height 
Lean mass 
Fat mass 
Calcium  
25(OH)D 
MVPA 
Vertical jump 
CRF 
.064 
-.030 
-.038 
.338 
.568 
-.087 
-.011 
-.048 
.140 
-.090 
.183 
.001 
.000 
.000 
.017 
.039 
.003 
.000 
.002 
.014 
.003 
.011 
.506 
.732 
.645 
.005 
<.001 
.245 
.820 
.334 
.011 
.199 
.024 
     
β: standardised regression coefficient, aBMD: Areal bone mineral density,  CRF: Cardiorespiratory fitness, 
MVPA: Moderate to vigorous physical activity,  sr2:  Squared semi-partial correlation coefficients, 25(OH)D: 
25-hydroxyvitamin D. 
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In the multivariate regression analysis of the hip geometry estimates (Table 5.3) 
the predictors explained 71.7% - 77.8% (on average, 75.7%) of the variance. 
Region specific lean mass was the strongest significant predictor and was 
positively associated with CSA, CSMI and Z (β = 0.370 - 0.568, sr2 = 0.017 - 
0.039, P < 0.05). Football participation (compared to the control group) was 
positively associated with CSA (β = 0.322, sr2 = 0.023, P < 0.01). Height was 
positively associated CSA, CSMI and Z (β = 0.338 - 0.430, sr2 = 0.017 - 0.025, 
P < 0.001). MVPA was positively associated with CSMI and Z (β = 0.140 – 
0.142, sr2 = 0.014, P < 0.05). CRF was positively associated with CSMI and Z (β 
= 0.183 – 0.207, sr2 = 0.011 – 0.014, P < 0.05). 
5.5 Discussion 
The present study aimed to identify, for the first time, the determinants of aBMD 
and hip geometry estimates in adolescent male athletes involved in football, 
swimming and cycling. It has recently been shown that football has a beneficial 
impact on bone outcomes in comparison to cycling and swimming in adolescent 
males (Vlachopoulos et al., 2017c). However the determinants responsible for 
these differences are not known for this population. In support with our 
hypothesis, region specific lean mass was the primary explanatory variable on 
aBMD and hip geometry estimates at most sites of the skeleton. In addition, we 
found that only participation in football was a significant predictor of aBMD and 
hip geometry estimates when contrasted to the control group. Finally, it was 
observed that modifiable factors such as nutrition status (calcium and vitamin D), 
MVPA and physical fitness (vertical jump and CRF) had a small but significant 
contribution to bone density and hip geometry estimates across specific sites of 
the skeleton. 
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5.5.1 Determinants of bone mineral density 
The determinants explained an important significant variance of aBMD at 
different skeletal sites (49.0 % - 76.4 %, average 64.5 %) with previous findings 
in non-athletic population reporting that a similar model of determinants 
explained 40 % - 83 % of the variance in BMC in prepubertal girls (Daly et al., 
2008). Region specific lean mass was consistently the strongest determinant of 
aBMD at TBLH, LS, legs and arms. A previous study in non-athletic boys and 
girls reported that total lean mass was the best predictor of total body and 
lumber spine aBMD, but they did not report the relationship with other sites of 
the skeleton (El Hage et al., 2009). Another study in non-athletic children found 
that total lean mass was the strongest predictor of the aBMD at total body, and 
LS (Hrafnkelsson et al., 2010). However the study did not distinguished the site 
specific relationship of lean and bone mass which was considered in the 
present study. It is of great interest to understand the region specific 
relationship of lean mass and aBMD due to the site specific adaptation of the 
skeleton during external loading, specifically in athletic populations (Baxter-
Jones et al., 2008). It is still not clear to what extent fat mass is associated with 
aBMD in adolescents and especially after adjusting for confounding factors. In 
our study we found that region specific fat mass only had a positive association 
with TBLH aBMD, suggesting that after accounting for other covariates its 
influence on bone development in athletic male adolescents is negligible, 
perhaps due to the strong effect of region specific lean mass. In addition, an 
increase in fat mass in adolescent athletes can have a negative effect on their 
performance (Ubago-Guisado et al., 2015b). 
Football participation was positively associated with aBMD at TBLH, FN, TH 
and legs. There was no significant contribution of swimming and cycling in 
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contrast to the control group on aBMD at any sites of the skeleton. The 
contribution of football on aBMD was independent of lean mass and is likely to 
be explained by the intermittent and high‐intensity characteristics of football that 
can produce high strains on the skeleton and stimulate bone mineral acquisition 
(Ubago-Guisado et al., 2015a). The concentric contractions during football 
generate greater forces compared to cycling and swimming and this might 
explain the increased skeletal loading in this group (Soderman et al., 2000). In 
addition, our findings show that height was positively significant associated with 
aBMD at the arms and FN. Similarly with our results, previously it was found 
that height had a weak and site specific relationship with BMC at different 
skeletal sites in non-athletic children (Hrafnkelsson et al., 2010). The movement 
characteristics of the sports practised seems to be important for bone 
acquisition and the present study found that football participation is one of the 
most important determinants, possibly because it includes high intensity 
concentric contractions that can enhance aBMD in adolescents.  
Both MVPA and nutrition (calcium and vitamin D) are considered to be essential 
for optimal bone growth, but their contribution was diminished once other 
factors (e.g. height, lean mass, sports participation) were considered. In the 
present analysis we found that blood serum calcium and 25(OH)D had a small 
contribution on aBMD at the arms and only 25(OH)D contributed to aBMD at LS. 
Previous findings indicated that dietary calcium and 25(OH)D can have a weak, 
but significant contribution on specific sites of the skeleton in adolescents 
(Macdonald et al., 2006). The sites of the skeleton, such as arms, are less 
loaded through sport and nutritional factors may have a potential influence. The 
site specific relationship between nutrition and bone outcomes can be attributed 
to the interactions of nutrients in relation to bone health (Ilich and Kerstetter, 
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2000). In relation to the contribution of MVPA and fitness on aBMD, we found 
that vertical jump height was the only significant predictor of aBMD at TBLH and 
LS. These findings show that overall MVPA does not appear to be important 
once participation in a particular sport is considered in the regression model. 
This suggests the characteristics of the sport practised and the contribution of 
lean mass mediates the relationship between fitness and bone outcomes 
(Vicente-Rodriguez et al., 2008).  
5.5.2 Determinants of hip geometry estimates 
Using the HSA method we showed that the multiple regression model can 
explain a large proportion of the variance (71.7 % - 77.8 %, average 75.7 %) in 
geometrical parameters (CSA, CSMI, Z) at the narrow neck site of the hip. To 
the best of our knowledge, this is the first study examining the determinants of 
HSA outcomes in adolescent athletes. The strongest predictor for the 
geometrical parameters was the region specific lean mass followed by height. 
The contribution of region specific lean mass was consistent for all the 
geometrical parameters. The findings of the present study highlight the 
influence of region specific lean mass on hip geometry estimates during 
adolescence which is linked with bone outcomes in young adulthood (Baxter-
Jones et al., 2008). Despite the lack of significant association between region 
specific lean mass and aBMD at the FN and TH, all the geometrical parameters 
of the narrow neck of the femur were significantly associated with region 
specific lean mass. This may reflect previous work in children and adolescents 
showing that HSA can provide more in depth geometrical evaluation at the hip 
site compared to BMD outcomes (Petit et al., 2005). In addition, studies using 
peripheral quantitative computed tomography (pQCT) found that muscle cross 
sectional area was the strongest predictor of bone strength parameters in early 
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pubertal boys and girls (Macdonald et al., 2006). The latter study highlighted the 
importance of using site specific lean mass to understand its contribution to hip 
geometry estimates. On the other hand, region specific fat mass was not 
associated with any geometrical parameters and this is in agreement with 
findings in non-athletic adolescent females indicating that fat mass was not 
associated with CSA (Pollock et al., 2007). 
Height was associated with all hip geometry estimates showing that the size of 
an adolescent athlete plays an important role in modifying hip geometry 
estimates. A previous study reported that femoral length is one of the most 
important predictors of CSA and Z in female adolescents (Daly et al., 2008) 
highlighting the importance of bone length at the hip. In addition, football 
participation was associated with CSA in hip geometry estimates of female 
footballers (El Hage, 2013). There was no contribution of swimming and cycling 
on geometrical parameters which is similar with the findings on aBMD outcomes. 
The different contribution of height and football in geometrical parameters 
compared to aBMD parameters might be due to fact that we used height and 
not femoral length to control for the size in geometrical parameters. Also, the 
estimated geometrical parameters might not be affected from the external 
loading that football applies at the narrow neck site and higher forces might be 
needed (Korhonen et al., 2012). 
All groups of the present study had similar serum levels of calcium and vitamin 
D and there was no association found between serum levels of calcium and 
vitamin D and geometrical bone outcomes, which is consistent with no 
contribution of hip related aBMD outcomes in the present study. In contrast, 
MVPA was a significant predictor of CSMI and Z independent of the sport 
participation suggesting that MVPA might induce changes in geometrical 
165 
 
parameters and not aBMD due to mechanical stimuli applied at the hip site 
(Michalopoulou et al., 2013). The association between MVPA and bone 
outcomes was evident for the geometrical parameters but not for the aBMD 
parameters. This may be explained by previous findings showing that 
geometrical adaptations can occur before the adaptation of aBMD outcomes 
due to the initial respond inside the bone to the change in external strains 
(Wang et al., 2005, Haapasalo et al., 2000). CRF was a significant predictor of 
CSMI and Z after accounting for all the other predicting determinants, but there 
was no association with vertical jump. The different associations between 
fitness parameters and MVPA with aBMD and the geometrical parameters 
might be attributed to the sensitivity of the geometrical parameters of the hip to 
detect changes (Khoo et al., 2005). The bone structure at the hip and 
specifically CSA site might be associated with CRF due to the use lower leg 
muscle units during the sport specific movements. The training characteristics 
are dominant in the present study and our population was at the 75th percentile 
for CRF compared to same age and ethnicity matched population (Sandercock 
et al., 2012). 
5.5.3 Limitations 
To our knowledge, this is the first study conducted in adolescent male athletes 
to examine the determinants of aBMD and hip geometry estimates. A large list 
of predictors has been included and their effects have been adjusted by each 
other. In addition, the present study uses region specific lean mass as predictor 
of aBMD and hip geometry estimates due to the site specific adaptations of the 
skeleton during exercise and growth (Ireland et al., 2013). The cross-sectional 
analysis of the present study is a limitation and cannot prove cause and effect 
between the determinants and bone outcomes studies. In spite of using DXA as 
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a surrogate estimate of lean mass due to the 2 component model, DXA-derived 
lean mass has been found to be highly correlated (r = 0.82) with muscle cross 
sectional area measured by pQCT (Petit et al., 2005).  
5.6 Conclusions 
The present study has shown, for the first time, the determinants of aBMD and 
hip geometry estimates in adolescent male athletes. Region specific lean mass 
was consistently the most important determinant of aBMD and hip geometry 
estimates parameters in adolescent male athletes. Football participation and 
height were found to be important determinants for the aBMD and HSA 
parameters, respectively. Calcium and 25(OH)D had a small site specific 
contribution only on aBMD. MVPA and CRF positively influenced only the 
geometrical parameters and vertical jump was associated with aBMD 
parameters. Studies focusing on bone outcomes of young athletes should 
account for the region specific lean mass differences due to the site-specific 
adaptations of the skeleton to external loading. Future practical approaches of 
sports clubs should include weight-bearing and muscle strengthening exercises, 
such as jumps, which can optimise bone outcomes during the important period 
of adolescence. 
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6. The effect of 12-month participation in osteogenic 
and non-osteogenic sports on bone development in 
adolescent male athletes 
 
6.1 Abstract 
Objectives: Research investigating the longitudinal effects of the most popular 
sports on bone development in adolescent males is scarce. The aim is to 
investigate the effect of 12-month participation in osteogenic and non-
osteogenic sports on bone development. 
Design: A 12-month study was conducted in adolescent males involved in 
football, swimming and cycling and compared with an active control group. 
Methods: 116 adolescent males (13.1±0.1 years at baseline): 37 footballers, 37 
swimmers, 28 cyclists and 14 active controls were followed for 12 months. Bone 
mineral content (BMC) was measured by dual-energy x-ray absorptiometry, and 
bone stiffness was measured by quantitative ultrasound. Bone outcomes at 12 
months were adjusted for baseline bone status, age, height, lean mass and 
moderate to vigorous physical activity.  
Results: Footballers had higher improvement in adjusted BMC at the total body, 
total hip, shaft, Ward’s triangle, legs and bone stiffness compared to cyclists 
(6.3 to 8.0 %). Footballers had significantly higher adjusted BMC at total body, 
shaft and legs compared to swimmers (5.4 to 5.6 %). There was no significant 
difference between swimmers and cyclists for any bone outcomes. Swimming 
and cycling participation resulted in non-significant lower bone development at 
most sites of the skeleton compared to controls (-4.3 to -0.6 %). 
Conclusions: Football participation induces significantly greater improvements 
in BMC and bone stiffness over 12 months compared to cycling and swimming. 
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6.2 Introduction 
Bone development occurs most rapidly during childhood and adolescence, with 
80-90 % of peak bone mass (PBM) acquired by late adolescence depending on 
the site of the skeleton (Gordon et al., 2016). PBM is largely determined by 
genetics (Bonjour et al., 2007) and by modifiable factors, such as nutrition and 
physical activity (PA) (Gracia-Marco et al., 2011a, Mouratidou et al., 2013). 
Exercise during this period of life can enhance bone mineral content (BMC) and 
bone mineral density (BMD) (Behringer et al., 2014) and be maintained into 
adulthood (Baxter-Jones et al., 2008). Football, cycling and swimming are 
among the most popular sports performed by adolescents around the world 
(Sport England, 2016). However, participation in these sports may have 
different effects on bone development (Vlachopoulos et al., 2017c). 
Participation in “osteogenic” sports, such us football, can augment BMC at the 
loaded sites of the skeleton (Zouch et al., 2014, Ubago-Guisado et al., 2015a). 
However, participation in “non-osteogenic sports”, such as swimming and 
cycling, may have a negative or no impact on bone outcomes(Olmedillas et al., 
2011), which may compromise the achievement of a higher PBM and increase 
the risk of osteoporotic fractures in adulthood. From a public health perspective, 
understanding how the most popular sports worldwide among youth affect bone 
development is of great importance. 
Cross-sectional studies have evaluated differences in BMC between 
adolescents engaged in different sports in comparison to a control group 
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(Olmedillas et al., 2011). Specifically, footballers were found to have higher 
adjusted-BMC and BMD at most sites of the skeleton compared with age-
matched controls (Zouch et al., 2014). In contrast, previous evidence found that 
adolescent male swimmers had lower adjusted-BMC and BMD at several sites 
compared to controls (Gomez-Bruton et al., 2015), but a recent systematic 
review concluded that swimmers have similar bone mass compared to 
sedentary controls (Gomez-Bruton et al., 2016b). Similarly, in a cross-sectional 
analysis we found that adolescent male swimmers and cyclists had lower bone 
outcomes compared to footballers (Vlachopoulos et al., 2017c). However, other 
studies showed that cycling during adolescence may negatively influence bone 
health (Olmedillas et al., 2011, Rico et al., 1993a). To date, there are only a few 
longitudinal studies on this topic and it was found that 3 years of football 
participation increased femoral neck BMD by 10 % and improved femoral neck 
and intertrochanteric BMC twice as much compared to age-matched controls in 
prepubertal males (Vicente-Rodriguez et al., 2004a). Previously, 8 months of 
football training significantly improved bone outcomes at total body, 
intertrochanteric site, lumbar spine and femoral neck in female adolescent 
footballers, whereas 8 months of swimming training had no effect on bone 
outcomes in female adolescent swimmers (Ferry et al., 2013). Research 
investigating the longitudinal effects of the most popular sports on bone 
development in adolescent males is scarce (Vlachopoulos et al., 2017a). It 
should be noted that a comprehensive analysis of potential confounders, such 
as lean mass and objectively measured moderate-to-vigorous PA (MVPA) 
should be used to control for important predictors of bone status in these sports 
(Vlachopoulos et al., 2017d).  
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In addition to Dual energy X-ray Absorptiometry (DXA), Quantitative Ultrasound 
(QUS) can indicate the risk of osteoporotic fractures at the calcaneus site that is 
particularly important for adolescent athletes due to their high prevalence of 
injuries (Krieg et al., 2008, Frush and Lindenfeld, 2009). In a cross-sectional 
study, it was shown that swimming had no effect on bone stiffness compared to 
age-matched controls in adolescent males and females (Gomez-Bruton et al., 
2015). Also, in a cross-sectional analysis it was found that footballers had 
higher bone stiffness than controls but there were no differences in swimmers 
and cyclists compared to controls (Vlachopoulos et al., 2017c). However, there 
is lack of longitudinal studies comparing the effects of osteogenic and non-
osteogenic sports on QUS bone outcomes in adolescent males athletes 
(Boreham and McKay, 2011). Therefore, the purpose of this study is to 
investigate the effect of 12-month participation on BMC and bone stiffness in 
osteogenic (football) and that non-osteogenic sports (swimming and cycling) 
compared to an active control group after controlling for baseline bone 
outcomes, age, height, lean mass and MVPA. 
 
6.3 Methods 
The present study represents a 12-month analysis of sport participation as part 
of the PRO-BONE study, whose purpose and methodology have been 
described elsewhere (Vlachopoulos et al., 2015). For the present study, data 
obtained at baseline (T0) during autumn/winter 2014/15 and at follow-up (T1) 
during autumn/winter 2015/2016 were used (mean difference of visits = 372 
days). Five participants were excluded because they did not complete the 
second visit (n=3) or they had missing data (n=2). For the present study, 116 
172 
 
adolescent males (37 swimmers, 37 footballers, 28 cyclists and 14 active 
controls not engaged in these sports more than 3 hour per week) aged 13.1 
years ± 1.0 at T0 and 14.1 years ± 1.0 at T1 were included. The inclusion 
criteria at T0 were: 1) males 12–14 years old, engaged (≥3 h/week) in 
osteogenic (football) and/or non-osteogenic (swimming and cycling) sports for 
the last 3 years or more; 2) males 12–14 years old not engaged in any of these 
sports (≥3 h/week) in the last 3 or more years (control group). The exclusion 
criteria were at T0 were: 1) participants not taking part in another clinical trial; 2) 
participants not having any acute infection lasting until < 1 week before 
inclusion; 3) participants free of any medical history of diseases or medications 
affecting bone metabolism or injured; 4) white Caucasian ethnicity. Ethics 
approval received from the following committees: 1) the Ethics Review Sector of 
Directorate-General of Research (European Commission, ref. number 618496); 
2) the Sport and Health Sciences Ethics Committee (University of Exeter, ref. 
number 2014/766) and 3) the National Research Ethics Service Committee 
(NRES Committee South West – Cornwall & Plymouth, ref. number 
14/SW/0060). 
A DXA scanner (GE Healthcare Inc., Wisconsin, USA) was used to measure 
BMC (g), fat mass (g) and lean mass (g, excluding bone and fat mass). The 
total body scan was used to obtain BMC at the arms, legs, and total body 
(excluding head). Dual hip scans were performed to obtain BMC for total hip, 
femoral neck, Ward’s triangle, trochanter and shaft sub-regions and the mean of 
right and left hip scans was used. The coefficient of variation (CV) for 
measurement reliability was not determined in the present study. Previous 
paediatric studies have shown that the DXA between-day CV was between 1.0 % 
and 2.9 % depending on the region (Johnson and Dawson-Hughes, 1991). In 
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addition, QUS measurements were performed with a Lunar Achilles Insight (GE 
Healthcare Inc., Wisconsin, USA). This portable device measures bone stiffness 
using ultrasound waves. QUS is a non-ionising radiation technique and 
evaluates bone stiffness  based on broadband ultrasound attenuation (dB/MHz) 
and speed of sound (m/s) (Baroncelli, 2008). The real-time image of the 
calcaneus and the region of interest ensures that the measurement is reliable 
and valid to assess bone health as demonstrated in paediatric population 
(Sioen et al., 2016). Daily calibration was completed at all visits and 
measurements were taken according to the standard procedure provided by the 
manufacturer. The positioning was standardised between visits by using an 
adapter for the children’s feet in order to get the same position of the calcaneus. 
Both feet were measured twice and the mean of the two measures was used for 
statistical analyses.  
Height (cm) and body mass (kg) were measured by using standard procedures 
and sexual maturity was self-reported using adapted drawings of the five stages 
of pubic hair development (Tanner and Whitehouse, 1976). Physical activity 
was measured for seven consecutive days at T0 and T1 using wrist 
accelerometers (GENEActiv, GENEA, UK). The validity and reliability of the 
accelerometer has been established previously in children and adolescents 
(Phillips et al., 2013). Data were collected at 100 Hz and analysed at 1 s epoch 
intervals to establish time spent in MVPA using a validated cut-point (Phillips et 
al., 2013). Weekly training hours were obtained by face to face interviews at T0 
at T1. In addition, the coaches indicated participation in weight-training 
exercises for a subsample of participants. 
Statistical analyses were performed using the SPSS IBM statistics (version 21.0 
for Windows, Chicago, IL, USA). Data were normally distributed and presented 
174 
 
as mean and standard deviation. Data were analysed in two stages: 1) raw 
(unadjusted) data using one-way analysis of variance (ANOVA) with Bonferroni 
post hoc or Chi-Square tests at T0 and T1 to detect the differences in BMC, and 
2) adjusted data using one-way analysis of covariance (ANCOVA) with 
Bonferroni post hoc to detect the differences between the groups at T1 after 
controlling for: bone status at T0, age, height, lean mass, MVPA and maturity 
status (Vlachopoulos et al., 2017d, Wilkinson et al., 2017, Ubago-Guisado et al., 
2017). Paired t-tests were used to compare differences in values between T0 
and T1. Preliminary analyses showed bone outcome results did not change 
when maturity was used as confounder instead of age. Thus, maturity was not 
included in the model. Percentages of difference between groups were used to 
quantify the magnitude of the differences. Significance was set at p < 0.05 and 
p < 0.01. 
 
6.4 Results 
Table 6.1 presents the descriptive characteristics of the participants at T0 and 
T1. From T0 to T1 all the descriptive characteristics significantly increased in all 
groups except MVPA in all groups and body fat percentage in sports groups 
that significantly decreased. Between-group differences at T1 showed that 
swimmers were older, taller, heavier and had more lean mass than the 
footballers and controls. Swimmers were more mature than footballers and 
controls. Swimmers trained more hours per week and had more years of 
training than cyclists. Footballers spent more time doing MVPA than swimmers 
and controls. In addition, footballers trained more hours per week and had more 
training years than cyclists and swimmers. Cyclists were older than controls and 
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spent more time doing MVPA compared to swimmers and controls. Controls 
had a higher body fat percentage than all sports groups. 
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Table 6.1. Descriptive characteristics of the participants at baseline (T0) and after 12 months (T1) of sport 
participation 
N = 116 Swimmers 
(N = 37) 
Footballers 
(N = 37) 
Cyclists 
(N = 28) 
Controls 
(N = 14) 
Age (yrs)  
T0 13.5 (1.0)
b,dd
 12.9 (0.9) 13.2 (1.0)
d
 12.3 (0.5) 
T1 14.6 (1.0)
b,dd,*
 13.9 (0.9)
*
 14.2 (1.0)
d,*
 13.2 (0.5)
*
 
Height (cm)  
T0 165.1 (9.7)
bb,d
 155.2 (9.3) 160.7 (10) 154.5 (9.9) 
T1 171.6 (8.9)
bb,dd,*
 162.7 (10.3)
*
 166.6 (10.7)
*
 160.7 (10.5)
*
 
Body mass (kg)  
T0 51.9 (8.7)
bb
 44.3 (7.9) 49.3 (12.5) 48.3 (13.0) 
T1 58.9 (8.2)
b,*
 50.8 (9.7)
*
 54.7 (12.5)
*
 55.2 (15.6)
*
 
BMI (kg/m
2
)  
T0 18.9 (1.6) 18.3 (1.4) 18.9 (3.3) 20.0 (3.4) 
T1 19.9 (2.0)
*
 19.0 (1.8)
*
 21.0 (3.1)
*
 21.0 (3.7)
*
 
Lean mass (kg)  
T0 41.1 (9.0)
b,dd
 35.4 (7.2) 37.5 (7.5) 31.7 (5.5) 
T1 47.8 (8.7)
b,dd,*
 41.2 (9.2)
*
 42.9 (8.2)
*
 36.8 (7.1)
*
 
Body fat (%)  
T0 17.3 (7.3)
*
 15.7 (5.6)
*
 18.0 (9.0)
*
 29.0 (10.5)
aa,bb,cc
 
T1 14.4 (6.4) 14.5 (6.0) 16.1 (9.2) 27.9 (10.9)
aa,bb,cc
 
Tanner stages (1-
5; %) 
 
T0 (16/25/16/43/0) (24/35/24/16/0) (14/28/25/28/4) (29/21/21/29/0) 
T1 (5/11/11/51/22)
b,d,*
 (6/16/35/43/0)
*
 (7/11/14/57/11)
*
 (0/21/43/36/0)
*
 
Training (h/week)  
T0 9.4 (5.1)
cc
 10.0 (2.3)
cc
 5.2 (2.1) - 
T1 8.9 (3.6)
cc
 9.4 (1.7)
cc
 5.6 (2.0) - 
Years of training     
T0 5.9 (2.5)
cc
 7.5 (2.3)
a,cc
 3.9 (1.3) - 
T1 6.9 (2.5)
cc,*
 8.5 (2.3)
a,cc,*
 4.9 (1.3) - 
MVPA (min/day)  
T0 85.0 (30.9)
*
 119.8 (29.7)
aa,dd,*
 106.5 (33.7)
a,*
 83.2 (26.8)
*
 
T1 62.9 (21.8) 92.4 (25.7)
aa,dd
 85.6 (21.8)
aa,d 
64.3 (18.1) 
Values presented as mean (SD). BMI: Body mass index, MVPA: Moderate to vigorous physical activity. T0 
= baseline values, T1 = 1 year values. Superscript letters denote a higher significant difference between 
sports: a (swimmers), b (footballers), c (cyclists), d (controls), 
a,b,c,d
 p<0.05, 
aa,bb,cc,dd
 p<0.001 and within 
each sports group at T0 and T1: 
* 
p<0.05. 
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Table 6.2 shows the adjusted BMC and bone stiffness at T0 and T1 between 
the groups and Figure 6.1 shows the adjusted BMC and bone stiffness 
differences (%) between the sports groups and controls at T1. At T1 footballers 
had significantly higher BMC at total body, shaft and legs compared to 
swimmers (5.4 to 5.6 %). Also, at T1 footballers had significantly higher BMC at 
total body, total hip, Ward’s triangle, shaft and legs compared to cyclists (6.3 to 
8.0 %). At T1 footballers had non-significantly higher bone outcomes than 
controls (3.3 to 8.4 %). The adjusted bone stiffness was significantly higher in 
footballers compared to cyclists (7.8 %) at T1. Swimmers and cyclists had 
similar bone outcomes at T1 (-0.6 to 4.3 %) and both groups had no significant 
differences at any of the bone outcomes compared to controls (-4.5 to 4.7 %). 
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Table 6.2. Adjusted bone mineral content (BMC, g) and bone stiffness at baseline (T0) and after 12 
months (T1) of sports participation in adolescent males  
N = 116 Swimmers 
(N = 37) 
Footballers 
(N = 37) 
Cyclists 
(N = 28) 
Controls 
(N = 14) 
TBLH (g) 
T0 
T1 
 
1453.9 (21.1) 
1752.9 (20.9) 
 
1574.5 (21.5)
a,c,d
 
1846.7 (20.9)
a,cc
 
 
1459.9 (22.7) 
1737.0 (21.9) 
 
1451.8 (34.4) 
1787.1 (33.6) 
Total hip (g) 
T0 
T1 
 
26.50 (0.50) 
32.04 (0.42) 
 
30.24 (0.51)
aa,cc,d
 
33.53 (0.44)
c
 
 
26.62 (0.53) 
31.26 (0.45) 
 
24.61 (0.79) 
31.70 (0.70) 
Ward’s (g) 
T0 
T1 
 
2.15 (0.06) 
2.66 (0.05) 
 
2.48 (0.06)
a,c,dd
 
2.74 (0.05)
c
 
 
2.14 (0.06) 
2.55 (0.05) 
 
1.92 (0.1) 
2.63 (0.08) 
Trochanter (g) 
T0 
T1 
 
8.11 (0.23) 
10.99 (0.27) 
 
9.85 (0.23)
aa,cc,d
 
11.38 (0.28) 
 
8.22 (0.24) 
10.59 (0.28) 
 
7.60 (0.36) 
10.50 (0.43) 
Shaft(g) 
T0 
T1 
 
14.16 (0.26) 
16.20 (0.16) 
 
15.71 (0.26)
a,cc,d
 
17.09 (0.17)
a,cc
 
 
14.12 (0.27) 
16.08 (0.17) 
 
13.09 (0.41) 
16.30 (0.27) 
Arms (g) 
T0 
T1 
 
209.27 (3.23) 
252.85 (2.95) 
 
207.24 (3.19) 
258.71 (2.85) 
 
211.98 (3.48)
d 
254.39 (3.15) 
 
193.43 (5.22) 
249.52 (4.84) 
Legs (g) 
T0 
T1 
 
215.69 (4.51) 
854.67 (9.67) 
 
253.79 (4.59)
aa,cc,d
 
902.89 (9.82)
a,cc
 
 
223.08 (4.89) 
836.26 (9.85) 
 
216.31 (7.43) 
873.90 (15.24) 
Stiffness index 
T0 
T1 
 
89 (2) 
97 (1) 
 
100 (2)
a,c,d
 
101 (1)
c
 
 
91 (2) 
93 (1) 
 
86 (3) 
98 (2) 
Values are presented as mean (SE). TBLH: Total body less head. Superscript letters denote a higher 
significant difference with: a (swimmers), b (footballers), c (cyclists) and d (controls). 
a,b,c,d
 p<0.05 and 
aa,bb,cc,dd
 p<0.001. At T0 BMC values were adjusted for age, height, MVPA and lean mass. At T1 BMC 
values were adjusted for age, height, MVPA, lean mass and for baseline BMC (T0). 
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Figure 6.1. Differences (%) in adjusted bone mineral content (BMC) between the sports groups 
and controls after 1 year. The results adjusted for age, height, lean mass, moderate to vigorous 
physical activity and bone outcomes at baseline (T0). TBLH: Total body less head. Letters 
denote a significant difference with: a (Swimmers, SWI), b (Footballers, FOO), c (Cyclists, CYC) 
and d (Controls). 
a,b,c,d
 p<0.05 and 
aa,bb,cc,dd
 p<0.01. 
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Supplementary table 6.1 shows the unadjusted change in bone outcomes at T0 
and T1. At T1 BMC significantly increased at all skeletal sites in swimmers (10.3 
to 21.0 %), footballers (13.6 to 23 %), cyclists (9.9 to 19.0 %) and controls (14.8 
to 21.0 %) compared to T0. In addition, bone stiffness significantly increased in 
swimmers (4.5 %), footballers (6.9 %) and controls (5.1 %) from T0 to T1, but 
the increase was not significantly different in cyclists (0.9 %).  
 
Supplementary table 6.1. Unadjusted bone mineral content (BMC, g) and bone stiffness at 
baseline (T0) and after 12 months (T1) of sports participation in adolescent males  
N = 116 Swimmers 
(N = 37) 
Footballers 
(N = 37) 
Cyclists 
(N = 28) 
Controls 
(N = 14) 
TBLH (g) 
T0 
T1 
 
1622.8 (325.4)dd 
1923.9 (327.8)dd 
 
1473.5 (338.6) 
1791.3  (453.0) 
 
14789.0  
(353.2) 
1725.4  (396.2) 
 
1234.4  (347.9) 
1504.8  (433.7) 
Total hip (g) 
T0 
T1 
 
28.79 (5.56)dd 
33.52 (5.69)dd 
 
28.78 (6.18)dd 
34.56 (7.76)dd 
 
27.31 (5.92)d 
31.17 (6.28)d 
 
21.12 (5.55) 
25.21 (6.49) 
Ward’s (g)  
T0 
T1 
 
2.29 (0.50)dd 
2.76 (0.63)d 
 
2.40 (0.59)dd 
2.92 (0.77)dd 
 
2.19 (0.51)d 
2.51 (0.70) 
 
1.64 (0.45) 
1.98 (0.56) 
Trochanter 
(g) 
T0 
T1 
 
9.01 (2.35)d 
11.41 (2.57)d 
 
9.31 (2.67)dd 
12.09 (3.84)dd 
 
8.49 (2.34)d 
10.48 (2.76)d 
 
6.11 (2.17) 
7.73 (2.87) 
Shaft (g) 
T0 
T1 
 
15.31 (2.69)dd 
17.07 (2.59)d 
 
14.94 (2.97)d 
17.3 (3.34)dd 
 
14.46 (2.96)d 
16.05 (2.92) 
 
11.49 (2.74) 
13.49 (2.93) 
Arms (g) 
T0 
T1 
 
243.39 
(64.01)bb,dd 
297.38 
(66.37)b,dd 
 
188.34 (48.05) 
235.65 (71.68) 
 
210.62 (59.05)d 
254.04 (70.70)d 
 
155.89 (40.58) 
193.5 (57.54) 
Legs (g) 
T0 
T1 
 
775.78 (136.24)d 
906.04 (139.86)d 
 
747.84 (175.02) 
900.62 (224.16) 
 
733.99 (171.45) 
835.18 (177.26) 
 
612.28 (179.47) 
746.29 (217.99) 
Bone 
stiffness 
T0 
T1 
 
91 (12) 
95 (14) 
 
99 (11)a,dd 
106 (12)a,cc,dd 
 
92 (23) 
93 (14) 
 
82 (11) 
87 (14) 
Values are presented as mean (SD). TBLH: Total body less head. Superscript letters denote a 
higher significant difference with: a (swimmers), b (footballers), c (cyclists) and d (controls). a,b,c,d 
p<0.05 and aa,bb,cc,dd p<0.001. 
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6.5 Discussion 
The main findings of the present study are: 1) after 12 months of sports 
participation, footballers had significantly higher BMC and bone stiffness gains 
compared to swimmers and cyclists, and higher but non-significant BMC and 
bone stiffness compared to active controls; 2) after 12 months swimmers and 
cyclists had similar BMC and bone stiffness, and both groups had no significant 
differences in BMC and bone stiffness compared to controls. 
The present study shows that after 12 months footballers had higher adjusted 
BMC compared to cyclists and swimmers at most skeletal sites. The only study 
comparing these sports was conducted in female adolescent swimmers and 
footballers and showed that 8 months period of sport-specific training increased 
total body BMD by 2.9 % in footballers, whereas BMD remained constant in 
swimmers (Ferry et al., 2013). The present study found that footballers had 2.4 % 
higher adjusted BMC compared to swimmers after 12 months. Cross-sectional 
evidence in adolescent males found that footballers had greater BMD at the 
femoral neck compared to swimmers (Silva et al., 2011). The differences 
observed in BMC gains among the sports groups in the present study might be 
explained by the plyometric exercises included in the football training that can 
induce higher bone mass in adolescent athletes despite the reduced lean mass 
in footballers compared to swimmers (Gunter et al., 2008a). In this regard, 
Larsen et al. found that a 10-month programme that included small-sided ball 
games improved BMD at the legs and total body compared to controls, and 
BMD at the legs compared to a circuit strength training (Larsen et al., 2016).  
In the present study, BMC development over 12 months was similar between 
adolescent male swimmers and cyclists at any skeletal sites. This is in line with 
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studies showing that swimming and cycling seem to have no additional effect on 
bone growth (Olmedillas et al., 2011, Gomez-Bruton et al., 2015), which could 
be due to the low ground reaction forces produced during participation in the 
non-osteogenic environment. In regards to bone stiffness, the present study 
showed that footballers significantly increased bone stiffness compared to 
cyclists. The latter is in accordance with cross-sectional analysis from this 
cohort showing that footballers had significantly higher bone stiffness compared 
to swimmers and cyclists (Vlachopoulos et al., 2017c). 
Football participation during adolescence may induce higher bone outcomes 
compared to leisure active controls according to cross-sectional evidence 
(Zouch et al., 2014, Ubago-Guisado et al., 2015a). However, evidence from a 
study in prepubescent boys found that footballers had non-significant but higher 
bone outcomes compared to active controls after 10 months of training (Zouch 
et al., 2008). These results are in line with our findings showing that footballers 
had higher (3.3 % to 8.4 %) but not significant bone outcomes compared to 
active controls after 12 months. It should be noted that the control group was 
physically active (MVPA= 64 min/day) and some controls engaged in other 
weight-bearing sports (< 3 hours per week) which might explain the non-
significant difference compared to footballers. A previous cross-sectional study 
showed that footballers had significantly higher bone stiffness at lower 
extremities compared to active controls (Falk et al., 2010). The differences in 
bone outcomes between adolescent footballers and controls might increase in 
the future due to the previous findings showing that 3 years of football training 
exhibited significantly greater adjusted BMC in total body, legs and 
intertrochanteric sites compared to age-matched controls (Vicente-Rodriguez et 
al., 2004a). 
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Swimming is considered a non-osteogenic sport and does not promote positive 
changes on bone development above that observed due to growth. According 
to a recent meta-analysis, swimmers and sedentary controls have similar bone 
outcomes (Gomez-Bruton et al., 2016b). In addition, adolescent males that 
participated only in swimming had lower BMD and BMC at several sites of the 
skeleton compared to age-matched controls (Gomez-Bruton et al., 2015). In the 
present study swimmers had similar BMC gains with active controls after 
controlling for relevant covariates (including T0 BMC). Similarly, we found 
swimmers to have similar bone outcomes with controls at baseline after 
controlling for the same covariates (Vlachopoulos et al., 2017c). A possible 
explanation is that swimming has non-gravitational training characteristics and 
despite swimmers having augmented higher lean mass it was not enough to 
produce bone adaptations after 12-months of training (Maimoun et al., 2013b). 
Regarding bone stiffness, previous cross-sectional findings showed similar 
values between swimmers and controls (Gomez-Bruton et al., 2015).  
Cycling is a widely practised sport that applies low mechanical forces to the 
skeleton during training (Olmedillas et al., 2012) and the present analysis 
showed that cyclists had lower but non-significant adjusted BMC and bone 
stiffness than controls. Previous evidence exist only from  cross-sectional 
studies indicating that adolescent female cyclists had similar or lower bone 
outcomes compared to non-athletic controls(Ferry et al., 2013). Another cross-
sectional study found that males cyclists (< 17 years) had significantly lower 
BMC at the legs compared to age-matched controls (Olmedillas et al., 2011). 
According to the baseline cross-sectional analysis of this cohort, cyclists had 
non-significantly higher adjusted BMC at the most skeletal sites (Vlachopoulos 
et al., 2017c).  However, after one year cyclists had non-significant lower bone 
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development in BMC and bone stiffness than controls. The differences 
observed in the current study might be explained by the non-osteogenic 
environment of both swimming and cycling and by the mechanical loading 
produced by the sports-specific patterns. In addition, participation in plyometric 
training or other weight-bearing activities might explain the difference on bone 
outcomes between adolescent athletes and needs further investigation to 
quantify the impact of weight training on bone outcomes. 
The strengths of the present study are 1) the investigation of bone outcomes 
across osteogenic and non-osteogenic male adolescent groups over 12 months; 
2) the combination of DXA and QUS, which provides a comprehensive insight 
into BMC and bone stiffness outcomes and 3) the rigorous methodology that 
enabled the inclusion of a selection of specific confounders which increases the 
internal validity of the study. A limitation of the present study is the lack of 
nutrition-related covariates and the two time points of the longitudinal 
assessment. However, we have observed that dietary intakes (total energy, 
protein and calcium) were no different between the groups at T0 and T1 (data 
not reported). In addition, despite the two measurements completed, this is the 
first stud to assess the differences in bone development of these sports over 12 
months. Also, it should be noted that all sport groups were very active, but 
cyclists trained less compared to footballers and swimmers.  
6.6 Conclusions 
In summary, this is the first study to investigate the 12-month development on 
BMC and bone stiffness in adolescent males engaged in osteogenic (football) 
and non-osteogenic sports (swimming and cycling). The findings of this study 
suggest that 12 months of football participation induces greater BMC and bone 
stiffness compared to cycling or swimming participation. In addition, footballers 
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had higher BMC although not significant compared to an active control group. 
Swimmers and cyclists had similar bone outcomes after 12 months, and both 
groups no significant differences in any of the bone outcomes compared to 
active controls. These findings suggest that participation in non-osteogenic 
sports during adolescence should be combined with weight-bearing activities in 
order to optimise bone development. Studies focusing on females and using 
specific interventions to improve bone mineralization in non-osteogenic sports 
during growth are needed. 
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7. Longitudinal adaptations of bone mass, geometry 
and metabolism in adolescent male athletes 
 
7.1 Abstract 
Adolescence is a crucial period for bone development and exercise can 
enhance bone acquisition during this period of life. However, it is not known 
how the different loading sports practised can affect bone acquisition in 
adolescent male athletes. Therefore, the purpose of the present study was to 
determine the 1 year longitudinal bone acquisition among adolescent males 
involved in osteogenic (football) and non-osteogenic sports (swimming and 
cycling) and compared to active controls. 116 adolescent males aged 12-14 
years at baseline were followed for 1 year: 37 swimmers, 37 footballers, 28 
cyclists and 14 active controls. Bone mineral content (BMC) assessed using 
dual-energy x-ray absorptiometry (DXA), cross-sectional area (CSA), cross-
sectional moment of inertia (CSMI) and section modulus (Z) at the femoral neck 
assessed using hip structural analysis (HSA), and bone texture of the lumbar 
spine using trabecular bone score (TBS). Serum N-terminal propeptide of 
procollagen type I (PINP), isomer of the Carboxi-terminal telopeptide of type 1 
collagen (CTX-I), total serum calcium and 25 hydroxyvitamin D [25(OH)D] were 
analysed. Footballers had significantly higher adjusted BMC at the lumbar spine 
(7.0 %) and femoral neck (5.0 %) compared to cyclists, and significantly greater 
BMC at the lumbar spine (6.9 %) compared to swimmers. Footballers presented 
significantly greater TBS (4.3%) compared to swimmers, and greater CSMI 
(10.2 %), CSA (7.1 %), Z (8.9 %) and TBS (4.2 %) compared to cyclists. No 
differences were noted between cyclists and swimmers, and both groups had 
similar bone acquisition compared to controls. PINP was significantly higher in 
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footballers and controls compared to cyclists and swimmers (3.3-6.0 %) and 
25(OH)D was significantly higher in footballers and cyclists compared to 
swimmers and controls (9.9-13.1 %). These findings suggest that bone 
acquisition is higher in adolescent male footballers compared to swimmers and 
cyclists at the femoral neck and lumbar spine sites of the skeleton.  
 
Keywords: adolescence, bone mineral content, exercise, hip structural analysis, 
trabecular bone score. 
 
7.2 Introduction  
Puberty is a period of life associated with a rapid increase in bone mass 
(Gordon et al., 2016, Theintz et al., 1992). Low bone mass during adolescence 
is associated with increased fracture risk and osteoporosis later in life (Davies 
et al., 2005, Goulding et al., 2001, Cooper et al., 2004a). The increasing 
prevalence of fractures for boys is expected to increase by 24 % (Donaldson et 
al., 2008), and the economic burden of fractures will cost £ 5,465 (€ 6,723) 
million per year by 2025 (Hernlund et al., 2013). The childhood and adolescent 
years are critical for bone acquisition with up to 43 % of peak bone mass (PBM) 
acquired during the 5-year period surrounding the peak height velocity (Baxter-
Jones et al., 2011, Boreham and McKay, 2011). The factors affecting PBM 
during growth include non-modifiable factors, such as genetics (Bonjour et al., 
2007), and modifiable factors, such as nutrition (e.g. calcium and vitamin D) 
(Chevalley et al., 2005, Moschonis et al., 2011) and physical activity (Janz et al., 
2014, Gracia-Marco et al., 2012, Wilkinson et al., 2017). Exercise and sports 
participation can enhance BMC and bone mineral density (BMD) during youth 
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(Behringer et al., 2014, Maimoun et al., 2013a), and the benefits can be 
maintained into adulthood (Baxter-Jones et al., 2008, Kato et al., 2009). 
However, not all types of exercise and sports are beneficial for bone 
development.  Participation in football can augment BMC at the loaded sites of 
the skeleton (Zouch et al., 2014, Maimoun et al., 2013b) while participation in 
swimming and cycling may have a negative or no impact on bone outcomes 
(Olmedillas et al., 2012, Gomez-Bruton et al., 2013), which may predispose to a 
sub- optimal PBM.  
With football, cycling and swimming being among the most popular sports 
globally (Sport England, 2016), there is limited evidence comparing the impact 
of these sports on bone development (Vlachopoulos et al., 2017c). To date, 
only cross-sectional studies have evaluated the impact of these “osteogenic” 
and “non-osteogenic” sports on bone outcomes compared to controls in 
adolescent males (Nebigh et al., 2009, Ubago-Guisado et al., 2015a, 
Vlachopoulos et al., 2017c) showing higher bone outcomes in those 
participating in osteogenic sports. However, despite controlling for important 
confounders, the cross-sectional design precludes any determination of casual 
relationship between the differences observed between the groups (Lehtonen-
Veromaa et al., 2000). Therefore, longitudinal studies that can identify sport-
specific bone development patterns may be appropriate, but not available to 
date. Previous longitudinal studies comparing bone acquisition between sports 
focused only on females and include sports other than football, cycling and 
swimming (Ackerman et al., 2011, Maimoun et al., 2013a, Nickols-Richardson 
et al., 1999, Maimoun et al., 2010). A 1-year longitudinal study in adolescent 
female athletes found that the osteogenic effect of rhythmic gymnastics induced 
greater bone mass gain at load sites of the skeleton compared to swimming 
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participation (Maimoun et al., 2013a). The investigation of females and specific 
weight-bearing sports cannot allow generalization of the bone acquisition in 
adolescent males or in other sports due to the fact that bone mass gain 
depends on specific mechanical stimuli that differs between the type of sports 
practised during adolescence (Greene and Naughton, 2006a) and due to the 
hormonal and  body composition differences between sexes (Sayers et al., 
2010). In addition, there are no longitudinal studies using a comprehensive 
analysis of important confounders, such as lean mass and objectively measured 
moderate-to-vigorous physical activity (MVPA) (Vlachopoulos et al., 2017d), 
comparing the effect of swimming, football and cycling participation on bone 
outcomes in adolescent male athletes.  
Most studies have used dual-energy x-ray absorptiometry (DXA) to evaluate 
BMC, areal BMD and bone area (Behringer et al., 2014, Zouch et al., 2014) due 
to the low cost, radiation and availability (Crabtree et al., 2014). However, there 
are few studies using techniques such as hip structural analysis (HSA) to 
assess bone geometry estimates at the clinically relevant site of the femoral 
neck in adolescents (Maimoun et al., 2013b, Ferry et al., 2011).   Previously, 8-
months of football participation induced greater acquisition in cross-sectional 
area (CSA), cross-sectional moment of inertia (CSMI), section modulus and 
subperiosteal width compared to swimming participation in adolescent female 
athletes (Ferry et al., 2013). However there are no longitudinal studies available 
in adolescent males. Moreover, there are no studies in adolescent athletes 
using the recently developed trabecular bone score (TBS), which can predict 
fracture risk (Hans et al., 2011b) and fragility of the lumbar spine (Shawwa et al., 
2016, Silva et al., 2014). Furthermore, there are no longitudinal studies on the 
effects of sport participation on bone turnover and nutrition markers, such as N-
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terminal propeptide of procollagen type I (PINP), isomer of the Carboxi-terminal 
telopeptide of type 1 collagen (CTX-I), total serum calcium and 25 
hydroxyvitamin D [25(OH)D] which can further explain bone formation and 
resorption in relation to the sports practised (Banfi et al., 2010, Gracia-Marco et 
al., 2010, Vaitkeviciute et al., 2016). 
Therefore, the scope of the present investigation was to determine the 
longitudinal (1 year) differences on clinically relevant DXA-measured BMC sites, 
hip geometry estimates, TBS and bone turnover and nutritional markers in 
adolescent male athletes engaged in football, swimming, cycling and active 
controls aged 12-14 years at baseline. 
7.3 Subjects and Methods 
7.3.1 Cohort and study design 
The present study shows a 12-month longitudinal analysis of sport participation 
as part of the longitudinal PRO-BONE (effect of a PROgram of short bouts of 
exercise on BONE health in adolescents involved in different sports) study, 
whose purpose, methodology and inclusion/exclusion criteria have been 
described elsewhere (Vlachopoulos et al., 2015). For the present study, the 
measurements completed at baseline (T0) in autumn/winter 2014/15, and 1 
year later (T1) in autumn/winter 2015/2016 (mean difference of visits = 1 year 
and 7 days) were used. Five participants were excluded in the present study 
because they did not complete the second visit (n=3) or they had missing data 
in any of the variables included (n=2). Therefore 116 adolescent males (13.1 
years ± 1.0 at T0 and 14.1 years ± 1.0 at T1) were included: 37 swimmers, 37 
footballers, 28 cyclists engaged in these sports more than 3 hour per week the 
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last 3 or more years and 14 active controls not engaged in these sports more 
than 3 hour per week the last 3 or more years. 
7.3.2 Outcomes measures: DXA, HSA, TBS and biochemical analyses 
DXA scanner (GE Healthcare Inc, Wisconsin, USA) was used to measure BMC 
(g), fat mass (g) and lean mass (g). The lumbar spine (LS, L1-L4) and bilateral 
proximal femora scans were used to assess BMC. All DXA scans and 
subsequent in-software analyses were completed by the same researcher, 
using the same DXA scanner and the enCORE software version 14.10.022 (GE 
Healthcare Inc, Wisconsin, USA) and following previous guidelines (Crabtree et 
al., 2014). The coefficient of variation was not determined in the present study. 
Previous paediatric studies have shown that the DXA percentage coefficient of 
variation was between 1.0 % and 2.9 % depending on the region (Johnson and 
Dawson-Hughes, 1991). 
The hip geometry estimates of the femoral neck were obtained and the 
following variables used: 1) the cross sectional area (CSA, mm2), which is the 
total bone surface area of the hip excluding the soft tissue area and the 
trabecular bone; 2) the cross-sectional moment of inertia (CSMI, mm4), which is 
an index of structural rigidity and reflects the distribution of mass in the centre of 
a structural element; and 3) section modulus (Z, mm3), which is an indicator of 
maximum bending strength in a cross section. The coefficient of variations (CVs) 
of these variables previously found to be between 7.9 % and 11.7 % (Khoo et 
al., 2005). 
TBS is a DXA based technological tool that provides an indirect textural index of 
trabecular microarchitecture in the lumbar spine and has been shown to 
significantly predict fracture risk independently of BMC (Hans et al., 2011a). 
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TBS assesses DXA images of the lumbar spine scans using a grey-level 
analysis as the slope at the origin of the log-log representation of the 
experimental variogram (Pothuaud et al., 2009). All TBS analyses were 
performed by the same trained researcher using the TBS iNsight Software 
(Medimaps, research version 3.0, Pessac, France). The calculation was 
performed at the lumbar spine region of interest as in the BMC measurement. 
The CVs of TBS in relation to BMC has been reported to be between 1.1 % to 
1.9 % (Silva et al., 2014).  
Capillary blood samples were collected at a non-training weekend day in the 
morning in heparin fluoride coated microvettes (CB 300 tubes, Sarstedt Ltd, 
Leicester, UK) and centrifuged at 3000rpm for 15 minutes at 4°C. Serum 
samples were stored at -80°C until analysis in a single session. Total serum 
levels of PINP, CTX-I, 25(OH)D and total calcium were analysed following 
guidelines (Vasikaran et al., 2011). ELISA kits (Abbexa Ltd., Cambridge, UK) for 
PINP (test range: 6-400 pg∙mL-1, sensitivity: 1.2 pg∙mL-1, inter and intra-assay 
CVs: 3.1 % and 8.2 % respectively), CTX-I (test range: 0.1-7.0 ng∙mL-1, 
sensitivity: 0.03 ng∙mL-1, inter and intra-assay CVs: 4.9 % and 6.8 % 
respectively), and 25(OH)D (test range: 3-80 ng∙mL-1, sensitivity: 1.2 ng∙mL-1, 
inter and intra-assay CVs: 6.1 % and 8.6 % respectively) were used. Total 
calcium serum was measured using direct colorimetric assay (Cayman 
Chemical Company, MI, U.S.A.) and had a sensitivity of 0.25 mg∙dL-1 and the 
absorbance was read at 570-590 nm (inter and intra-assay CVs: 5.1 % and 7.3 % 
respectively). 
7.3.3 Other measures 
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Height (cm) and body mass (kg) were measured by using a stadiometer 
(Harpenden, Holtain Ltd, Crymych, UK) and an electronic scale (Seca 877, 
Seca Ltd, Birmingham, UK), respectively. Sexual maturation was self-reported 
using adapted drawings of the five stages (Tanner) of pubic hair development 
(Tanner and Whitehouse, 1976).  
Daily habitual physical activity was measured for seven consecutive days at T0 
and T1 using wrist accelerometers (GENEA, Cambridgeshire, UK). The validity 
and reliability of the accelerometer has been established previously in children 
and adolescents (Phillips et al., 2013). Data were collected at 100 Hz and 
analysed at 1 s epoch intervals to establish time spent in MVPA using a cut-off 
point of ≥ 1140 counts per minute previously validated in youth (Phillips et al., 
2013). Weekly training hours were obtained by face to face interviews at T0 at 
T1. 
7.3.4 Statistical analyses 
Statistical analyses were performed using the SPSS IBM statistics (version 21.0 
for Windows, Chicago, IL, USA). Data were checked for normality using 
Shapiro-Wilk's test, skewness and kurtosis values, and presented as mean and 
standard deviation. Data analysis was completed in two stages: 1) unadjusted 
data using one-way analysis of variance (ANOVA) with Bonferroni post hoc 
comparisons and Chi-Square tests used to detect between-group differences on 
bone outcomes (DXA and HSA, TBS) and biochemical markers, and 2) 
adjusted data using one-way analysis of covariance (ANCOVA) with Bonferroni 
post hoc to detect the differences between the groups at T1 using age, height, 
lean mass, MVPA and the bone outcomes at T0 as covariates (Vicente-
Rodriguez et al., 2005, Gracia-Marco et al., 2012, Vlachopoulos et al., 2017d, 
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Ubago-Guisado et al., 2017). Preliminary analyses showed that bone outcome 
results did not change when maturation stage was used as a confounder 
instead of age. Thus maturation was not included in the model. Percentages of 
differences between groups for all variables were calculated. Significance was 
set at p<0.05 and p<0.01. 
7.4 Results 
Table 7.1 presents the descriptive characteristics of the participants at T0 and 
T1. At T1 swimmers were older, taller, heavier and had more lean mass than 
the footballers. Swimmers were more mature than footballers and controls. 
Swimmers trained more hours and years than cyclists. Footballers spent more 
time doing MVPA than swimmers and controls. In addition, footballers trained 
more hours and years than cyclists and swimmers. Cyclists were older than 
controls. Cyclists spent more time doing MVPA compared to swimmers and 
controls. Controls had more body fat percentage than all the sport groups. From 
T0 to T1, all the descriptive characteristics for all groups increased significantly 
except body fat percentage which reduced significantly in the sport groups and 
MVPA that decreased significantly in all groups. Results of unadjusted bone 
outcomes are presented in Supplementary Table 7.1. 
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Table 7.1. Descriptive characteristics of the participants at baseline and after 1 year of sport 
participation 
N = 116 Swimmers 
(N = 37) 
Footballers 
(N = 37) 
Cyclists 
(N = 28) 
Controls 
(N = 14) 
Age (yrs)  
T0 13.5 (1.0)b,dd 12.9 (0.9) 13.2 (1.0)d 12.3 (0.5) 
T1 14.6 (1.0)b,dd,** 13.9 (0.9)** 14.2 (1.0)d,** 13.2 (0.5)** 
Height (cm)  
T0 165.1 (9.7)bb,d 155.2 (9.3) 160.7 (10) 154.5 (9.9) 
T1 171.6 (8.9)bb,dd,** 162.7 (10.3)** 166.6 (10.7)** 160.7 (10.5)** 
Body mass (kg)  
T0 51.9 (8.7)bb 44.3 (7.9) 49.3 (12.5) 48.3 (13.0) 
T1 58.9 (8.2)b,** 50.8 (9.7)** 54.7 (12.5)** 55.2 (15.6)** 
BMI (kg/m2)  
T0 18.9 (1.6) 18.3 (1.4) 18.9 (3.3) 20.0 (3.4) 
T1 19.9 (2.0)** 19.0 (1.8)** 21.0 (3.1)** 21.0 (3.7)** 
Lean mass (kg)  
T0 41.1 (9.0)b,dd 35.4 (7.2) 37.5 (7.5) 31.7 (5.5) 
T1 47.8 (8.7)b,dd,** 41.2 (9.2)** 42.9 (8.2)** 36.8 (7.1)** 
Body fat (%)  
T0 17.3 (7.3)** 15.7 (5.6)** 18.0 (9.0)** 29.0 (10.5)aa,bb,cc 
T1 14.4 (6.4) 14.5 (6.0) 16.1 (9.2) 27.9 (10.9)aa,bb,cc 
Tanner stages 
(%) 
 
T0 (16/25/16/43/0) (24/35/24/16/0) (14/28/25/28/4) (29/21/21/29/0) 
T1 (5/11/11/51/22)b,d,** (6/16/35/43/0)** (7/11/14/57/11)** (0/21/43/36/0)* 
Training (h/week)  
T0 9.4 (5.1)cc 10.0 (2.3)cc 5.2 (2.1) - 
T1 8.9 (3.6)cc 9.4 (1.7)cc 5.6 (2.0) - 
Years of training     
T0 5.9 (2.5)cc 7.5 (2.3)a,cc 3.9 (1.3) - 
T1 6.9 (2.5)cc,** 8.5 (2.3)a,cc,** 4.9 (1.3)** - 
MVPA (min/day)  
T0 85.0 (30.9)** 119.8 (29.7)aa,dd,** 106.5 (33.7)a,** 83.2 (26.8)* 
T1 62.9 (21.8) 92.4 (25.7)aa,dd 85.6 (21.8)aa,d 64.3 (18.1) 
Values presented as mean ± SD. BMI: Body mass index, MVPA: Moderate to vigorous physical 
activity. T0 = baseline values, T1 = 1 year values. Superscript letters denote a higher significant 
difference between sports: a (swimmers), b (footballers), c (cyclists), d (controls), a,b,c,d p<0.05, 
aa,bb,cc,dd p<0.001 and between T0 and T1 of each sport: * p<0.05, ** p<0.001. 
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7.4.1 Longitudinal adjusted differences in BMC acquisition 
BMC-adjusted results for lumbar spine and femoral neck are presented at 
Figure 7.1 and Table 7.2. At T1 footballers presented significantly greater BMC 
at the lumbar spine (7.0 %) and femoral neck (5.0 %) compared to cyclists. Also, 
footballers had significantly greater BMC at the lumbar spine (6.9 %) and a non-
significant higher BMC at the femoral neck (2.3 %) compared to swimmers. 
Footballers had higher but not significant BMC at the lumbar spine (6.0 %) and 
femoral neck (2.7 %) compared to controls at T1.  Cyclists had similar BMC at 
the lumbar spine (-1.0 %) and femoral neck (-2.3 %) compared to controls. 
Swimmers had similar BMC at the lumbar spine (-0.8 %) and femoral neck 
(0.4 %) compared to controls. In addition, swimmers had similar BMC at the 
lumbar spine (0.2 %) and femoral neck (2.7 %) compared to cyclists. 
Supplementary table 7.1. Unadjusted bone outcomes using DXA, HSA and TBS at baseline and after 1 
year of sports participation in adolescent males  
N = 116 Swimmers 
(N = 37) 
Footballers 
(N = 37) 
Cyclists  
(N = 28) 
Controls 
(N = 14) 
Lumbar spine (BMC, g) 
T0 
T1 
 
42.97 (11.37)d 
51.41 (11.52)d,** 
 
38.54 (8.93) 
46.84 (12.57)** 
 
38.91 (10.78) 
45.41 (12.48)** 
 
32.64 (8.67) 
38.68 (10.55)* 
Femoral Neck (BMC, g) 
T0 
T1 
 
4.46 (0.66)dd 
5.04 (0.79)d,** 
 
4.53 (0.74)dd 
5.17 (0.89)dd,** 
 
4.35 (0.76)d 
4.77 (0.89)d,* 
 
3.52 (0.73) 
4.00 (0.84)** 
CSA (mm2) 
T0 
T1 
 
137.7 (20.9)dd 
152.5 (25.3)d,** 
 
140.9 (20.4)dd 
161.2 (25.1)dd,** 
 
134.8 (22.4)d 
146.6 (26.4)* 
 
109.8 (21.0) 
124.2 (26.7)** 
Section modulus (mm3) 
T0 
T1 
 
557.5 (123.7)dd 
664.4 (158.4)d,** 
 
548.1 (116.7)d 
673.4 (182.5)d,** 
 
527.0 (122.8)d 
596.6 (162.2)** 
 
405.7 (108.9) 
487.5 (140.5)** 
CSMI (mm4) 
T0 
T1 
 
8849.2 (2564.5)d 
11217.6 (3536.3)d,* 
 
8471.6 (2606.6)d 
11187.5 (3764.9)* 
 
8281.4 (2512.1)d 
10064.1 (3428.2)* 
 
6020.7 (2071.9) 
7600.5 (2665.9)* 
Trabecular bone score 
T0 
T1 
 
1.390 (0.065) 
1.384 (0.065) 
 
1.422 (0.092)c 
1.423 (0.712)cc,d 
 
1.362 (0.067) 
1.356 (0.073) 
 
1.385 (0.641) 
1.355 (0.068) 
Values are presented as mean ± SD. BMC: Bone mineral content, CSA: Cross sectional area, CSMI: Cross 
sectional moment of inertia. Superscript letters denote a higher significant difference with: a (swimmers), b 
(footballers), c (cyclists) and d (controls). a,b,c,d p<0.05 and aa,bb,cc,dd p<0.001, and * between T0 and T1 of 
each sport: * p<0.05, ** p<0.001. 
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Figure 7.1. Difference (%) in adjusted bone mineral content (BMC) between the sports groups 
and controls after 1 year. The results are adjusted for age, height, lean mass, MVPA, and bone 
outcomes at baseline. Letters denote a significant difference with: a (swimmers), b (footballers), 
c (cyclists) and d (controls). 
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Table 7.2. Adjusted bone outcomes using DXA, HSA and TBS at baseline and after 1 year of sports 
participation in adolescent males 
N = 116 Swimmers 
(N = 37) 
Footballers 
(N = 37) 
Cyclists 
(N = 28) 
Controls 
(N = 14) 
Lumbar spine (BMC, g) 
T0 
T1 
 
38.16 (0.89) 
46.10 (0.73) 
 
40.78 (0.91) 
49.27 (0.71)a,c 
 
39.67 (0.96) 
46.03 (0.77) 
 
39.88 (1.47) 
46.48 (1.18) 
Femoral Neck (BMC, g) 
T0 
T1 
 
4.22 (0.08)dd 
4.89 (0.05) 
 
4.68 (0.08)a,c,dd 
5.00 (0.05)cc 
 
4.28 (0.08)d 
4.76 (0.05) 
 
3.92 (0.12) 
4.87 (0.09) 
CSA (mm2) 
T0 
T1 
 
131.4 (2.3) 
148.0 (2.4) 
 
157.0 (2.4)aa,c,dd 
144.5 (2.3)c 
 
132.6 (2.4) 
146.6 (2.4) 
 
121.6 (3.7) 
147.0 (4.0) 
Section modulus (mm3) 
T0 
T1 
 
521.5 (12.0) 
626.5 (12.8) 
 
567.0 (12.1)c,d 
655.0 (13.1)c 
 
511.7 (12.6) 
601.4 (13.4) 
 
479.4 (19.1) 
626.5 (21.2) 
CSMI (mm4) 
T0 
T1 
 
8113.5 (252.1) 
10301.7 (220.2) 
 
8854.9 (254)d 
11088.7 (219.5)c 
 
7993.8 (264.8) 
10063 (229.4) 
 
7527.2 (399.2) 
10284.3 (358.2) 
Trabecular bone score 
T0 
T1 
 
1.372 (0.011) 
1.365 (0.010) 
 
1.428 (0.012)a,c 
1.423 (0.010)a,c 
 
1.363 (0.013) 
1.366 (0.011) 
 
1.413 (0.019) 
1.387 (0.016) 
Values are presented as mean ± SE. BMC: Bone mineral content, CSA: Cross sectional area, CSMI: Cross 
sectional moment of inertia. Superscript letters denote a higher significant difference with: a (swimmers), b 
(footballers), c (cyclists) and d (controls). a,b,c,d p<0.05 and aa,bb,cc,dd p<0.001. At T0 bone outcomes were 
adjusted for age, height, MVPA and lean mass. At T1 bone outcomes were adjusted for age, height, MVPA, 
lean mass and for T0 bone outcomes. 
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7.4.2 Longitudinal adjusted differences in HSA and TBS acquisition 
between groups 
Results of adjusted bone geometry acquisition are presented at Figure 7.2 and 
Table 7.2. At T1 footballers presented significantly greater TBS (4.3%) 
compared to swimmers, greater CSMI (10.2 %), CSA (7.1 %), Z (8.9 %) and 
TBS (4.2 %) compared to cyclists and non-significant but higher CSMI, CSA, Z 
and TBS compared to controls (2.6 to 7.8 %). In addition, swimmers had greater 
but non-significant CSMI, CSA and Z (1.0 to 4.2%) and similar TBS (-0.1%) 
compared to cyclists. Swimmers had similar CSMI, CSA and Z (-0.1 to 0.7%) 
and non-significantly lower TBS (-1.6%) compared to controls. Finally, cyclists 
had lower but not significant CSMI, CSA, Z and TBS (-0.3 to -4.0%) compared 
to controls.   
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Hip Structural Analysis at the narrow neck of the femur region. 
              Football  Swimming       Cycling         Control 
 
Trabecular bone score at the lumbar spine region. 
 
Football  Swimming       Cycling           Control 
  
 FOO vs SWI FOO vs CYC FOO vs CON SWI vs CYC SWI vs CON CYC vs CON 
CSMI 7.64% 10.19% * 7.82% 2.37% 0.17% -2.15% 
CSA 6.08% 7.09% * 6.80% 0.95% 0.68% -0.27% 
Z 4.63% 8.91% * 4.55% 4.17% -0.08% -4.01% 
TBS 4.25%** 4.17%** 2.60% -0.07% -1.59% -1.51% 
 
Figure 7.2. Differences (%) in adjusted bone geometry estimates and trabecular bone score at the femoral neck and 
lumbar spine regions between the groups after 1 year of sports specific training. The results are adjusted for age, 
height, region specific lean mass, MVPA and baseline values of bone geometry estimates. CSMI: Cross sectional 
moment of inertia, CSA: cross-sectional area, TBS: Trabecular Bone score, Z: Section modulus. The figures represent 
unadjusted results of participants of the same age, height and training hours. Significance at * p<0.05 and ** p<0.01. 
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7.4.3 Longitudinal bone turnover and nutrition marker between groups 
The biochemical markers are shown in Table 7.3 and Figure 7.3. At T0 there 
were no significant differences between the groups in any of the biochemical 
markers. After one year of sport participation (T1), bone formation (PINP) was 
significantly higher in footballers than swimmers (3.3 %) and cyclists (6.0 %). In 
addition, footballers had significantly higher 25(OH)D compared to swimmers 
(12.9 %) and controls (13.1 %). Cyclists had significantly lower PINP than 
controls (5.1 %), but they had significantly higher 25(OH)D compared to 
swimmers (9.9 %) and controls (11.1 %). CTX-I (14.8 %) and 25(OH)D (4.7 %) 
significantly increased from T0 to T1 in footballers while PINP did not change 
compared to the other groups. In swimmers there was a significant decrease in 
PINP (5.8 %) and a significant increase in CTX-I (9.8 %) from T0 to T1. 
Similarly, in cyclists PINP significantly decreased (7.2 %) and CTX-I non-
significantly increased (4.3 %) from T0 to T1. 
 
Table 7.3. Biochemical markers at baseline and after 1 year of sports participation in adolescent males 
 N = 116 Swimmers 
(N = 37) 
Footballers 
(N = 37) 
Cyclists  
(N = 28) 
Controls 
(N = 14) 
Serum calcium (mg/dl) 
T0 
T1 
 
10.04 (0.44) 
9.91 (0.52) 
 
9.97 (0.40) 
9.96 (0.39) 
 
9.96 (0.41) 
9.89 (0.32) 
 
10.01 (0.35) 
9.74 (0.53) 
25 (OH) D (ng/ml) 
T0 
T1 
 
13.73 (1.20) 
13.42 (0.89) 
 
14.44 (1.63) 
15.15 (1.17)aa,dd,* 
 
14.39 (0.59) 
14.89 (1.13)aa,dd 
 
13.92 (0.94) 
13.40 (0.93) 
PINP (pg/ml) 
T0 
T1 
 
355.15 (10.07)** 
335.67 (18.04) 
 
352.04 (13.5) 
346.62 (18.16)a,cc 
 
350.83 (12.85)** 
327.15 (14.15) 
 
350.11 (16.76) 
344.81 (14.56)cc 
CTX-I (ng/ml) 
T0 
T1 
 
1.66 (0.25) 
1.84 (0.16)** 
 
1.61 (0.29) 
1.89 (0.08)** 
 
1.78 (0.19) 
1.86 (0.09) 
 
1.73 (0.23) 
1.85 (0.10) 
Values are presented as mean ± SD. 25 (OH) D: 25(OH)D: 25-hydroxyvitamin D, CTX-I: Carboxi-
terminal telopeptide of type 1 collagen (CTX-1), PINP: N-terminal propeptide of procollagen type I. 
Superscript letters denote a higher significant difference with: a (swimmers), b (footballers), c (cyclists) 
and d (controls). a,b,c,d p<0.05 and aa,bb,cc,dd p<0.001, and * between T0 and T1 of each sport: * p<0.05, ** 
p<0.001. 
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Figure 7.3. Differences in bone turnover and nutrition markers between the sports groups and 
controls after 1 year. 25 (OH) D: 25(OH)D: 25-hydroxyvitamin D, CTX-I: Carboxi-terminal 
telopeptide of type 1 collagen (CTX-1), PINP: N-terminal propeptide of procollagen type I. 
Letters denote a significant difference with: a (swimmers), b (footballers), c (cyclists) and d 
(controls) and * denoted a significant difference between T0 and T1 measurement time. 
Significance at * p<0.05 and ** p<0.01. 
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7.5 Discussion 
To the best of our knowledge, this is the first longitudinal study that has 
evaluated bone acquisition in adolescent male athletes and used 
comprehensive methodology to assess bone status by combining DXA, HSA, 
TBS and biochemical markers. The main findings of the present study show that: 
1) the osteogenic responses of football participation over 1 year induced 
significantly greater bone acquisition in BMC, hip geometry estimates and TBS 
compared to that of swimming and cycling after accounting for relevant 
confounders; 2) participation in cycling and swimming did not induce significant 
gains in any bone outcomes and cyclists had non-significantly lower bone 
acquisition compared to controls; 3) footballers had significantly higher PINP 
than both non-osteogenic sports and significantly higher 25(OH)D concentration 
compared to swimmers and controls at T1, and PINP significantly decreased 
over time both in cyclists and swimmers, whereas CTX-I significantly increased 
in swimmers and footballers.  
7.5.1 Longitudinal BMC acquisition between groups 
In the present study footballers gained significantly higher BMC at the lumbar 
spine compared to cyclists and swimmers, and also gained significantly higher 
femoral neck BMC compared to cyclists. Also, footballers gained non-significant 
higher BMC than controls at the lumbar spine and femoral neck. Previous 
evidence in female footballers and swimmers aged 15.9 to 16.2 years, 
compared BMD gains after 8 months of training and found that BMD at lumbar 
spine and hip was significantly increased in footballers but not in swimmers 
(Ferry et al., 2013), which is in line with the findings of the present study. The 
differences observed in BMC acquisition among the sports groups in the 
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present longitudinal study might be explained by the loading patterns, such as 
plyometric exercises, included in the football training that can induce higher 
impact and bone adaptations in adolescent athletes (Gunter et al., 2008a). A 
different study in male footballers aged 12.9 years showed that 1 year of 
football training induced significantly higher gains in BMC at lumbar spine and 
total hip compared to active controls aged 12.5 years (Zouch et al., 2014), 
which is similar with the unadjusted findings of the present investigation. The 
similar BMC between the non-osteogenic groups (swimmers and cyclists) in the 
current study might be explained by the low repeated loading applied in the 
skeleton during participation in these sports, which might not enough to produce 
positive bone adaptations (Maimoun et al., 2013b).  
7.5.2 Longitudinal HSA and TBS acquisition between groups 
The present findings show that football participation for 1 year induced 
significantly greater acquisition in bone geometry estimates compared to 
cyclists and that participation in non-osteogenic sports induced non-significant 
lower or similar acquisition in bone geometry estimates compared to controls. 
Previous findings in adolescent female footballers and swimmers showed that 8 
months of training in their respective sports induced a significant increase in 
CSA of the narrow neck in footballers compared to swimmers (Ferry et al., 
2013). The geometrical differences between footballers and cyclists in the 
present study indicate that the continuous unloading environment of cycling 
may delay the corticalization of the bone structure despite the less hours of 
training in cyclists compared to footballers (5.6 vs 9.4 hours). In swimmers, the 
continuous unloading environment is present, but the forces applied to the wall 
in every change of direction during swimming may induce small adaptations to 
the femoral neck site of the skeleton (Gomez-Bruton et al., 2016a), which might 
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explain the non-significant difference between footballers and swimmers at the 
hip bone geometry estimates.  
The present study also includes novel longitudinal findings using TBS in 
adolescent athletes showing that adolescent footballers had significantly higher 
improvement in TBS score compared to cyclists and swimmers. A recent cross-
sectional evaluation in adults showed that participation in repeated moderate 
impact loading sports may result in lower TBS score and increased fracture risk 
compared to high impact loading sports (Heinio et al., 2015). The present study 
indicates that bone texture acquisition at the lumbar spine may be affected from 
the external loading environment after controlling for potential confounders that 
have been shown to influence TBS (Shawwa et al., 2016). It can be speculated 
that the high intensity loading impact during football participation can result in 
better trabecular structure at the lumbar spine due to the loading applied both in 
vertical and horizontal directions.  
7.5.3 Longitudinal changes in biochemical markers between and within 
groups 
PINP at T1was significantly higher in footballers compared to swimmers and 
cyclists while the concentrations of PINP significantly decreased in the non-
osteogenic sports from T0 to T1. In addition, CTX-I significantly increased in 
footballers and swimmers from T0 to T1. The longitudinal changes in PINP and 
CTX-I suggest an increased bone turnover in footballers and increased bone 
resorption in swimmers which reflects the differences in bone acquisition 
between the groups and indicate a contribution of bone turnover on bone 
adaptations (Gracia-Marco et al., 2011b). A previous longitudinal study in 
females showed that gymnasts had significantly higher bone formation 
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(osteocalcin) levels than swimmers after 1 year of participation and that the 
osteocalcin levels decreased in swimmers but not in gymnasts (Maimoun et al., 
2013a). The bone resorption findings of the present study are in line with a 
previous longitudinal study in peripubertal girls that did not find significant 
differences in bone resorption between gymnasts, runners, and controls after 1 
year (Lehtonen-Veromaa et al., 2000). Also, it has been previously shown that 
bone remodelling might be increased due to participation in high intensity 
weight-bearing activities during puberty (Kambas et al., 2016, Jurimae et al., 
2010), which might explain the increased bone remodelling in footballers.  
Regarding the serum calcium and 25(OH)D, there were no differences between 
or within groups in serum calcium whereas 25(OH)D levels were significantly 
higher in footballers and cyclists compared to swimmers and controls at T1. In 
addition, 25(OH)D significantly increased in footballers from T0 to T1, which 
may partially contribute to the findings that bone resorption was not affected in 
this group as it was in the swimmers. All participants had insufficient 25(OH)D 
levels which agrees with low 25(OH)D levels previously reported in European 
adolescent population (Gonzalez-Gross et al., 2012a). The higher 25(OH)D 
levels in footballers and cyclists might be explained by the higher exposure to 
sunlight during training in these sports, although other parameters such as 
dietary intake and the sampling period have been reported to affect 25(OH)D 
levels (Ackerman et al., 2011). 
7.5.4 Strengths and limitations  
The present study includes the 1 year longitudinal evaluation of bone 
acquisition in adolescent male athletes and a control group that have never 
been compared before. In addition, the combination of three different methods 
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(DXA, HSA and TBS) to assess bone development adds novel findings to the 
literature by showing for first time that acquisition in HSA and TBS parameters 
differs between adolescent male athletes in osteogenic and non-osteogenic 
sports. Moreover, the serum bone turnover markers used in this study have 
been previously used in paediatric population (Gracia-Marco et al., 2011b, 
Gracia-Marco et al., 2010) and are recommended by the International 
Osteoporosis Foundation and the International Federation of Clinical Chemistry 
(IFCC) (Vasikaran et al., 2011) in order to provide with additional information 
regarding the bone metabolism changes due to the sports practised. A limitation 
of the present study might be the less hours of training in cyclists compared to 
footballers and swimmers. However, the study has strong internal validity due 
the comprehensive inclusion criteria and the objective control of potential 
confounders, such as baseline bone values, lean mass and MVPA measured by 
accelerometers. The findings of the present study strongly suggest that the type 
of exercise practised during adolescence can induce different bone acquisition 
on clinical relevant sites skeleton suggesting that weight-bearing activities 
should be incorporated during adolescence to optimize peak bone mass and 
reduce low bone status later in life. 
7.6 Conclusions 
This longitudinal study demonstrated for first time that bone acquisition at 
clinically relevant sites, assessed by BMC, HSA parameters and TBS is higher 
in adolescent male footballers compared to swimmers and cyclists. There was 
no difference between the swimmers and cyclists, and cyclists had non-
significant lower bone acquisition compared to controls. Bone formation was 
higher in footballers compared to swimmers and cyclists and vitamin D levels 
were higher in footballers and cyclists compared to swimmers and controls. 
207 
 
Bone formation decreased over time in cyclists and swimmers but not in 
footballers or controls, whereas bone resorption increased in swimmers and 
footballers. These findings suggest that the osteogenic 1 year of football 
participation is beneficial for bone acquisition and that participation in non-
osteogenic sports is not enough to induce positive bone adaptations. Therefore, 
programmes to improve bone outcomes of non-osteogenic athletes during 
adolescence are required. Further research with longer follow up needs to 
address whether the observed changes in this study translate into better bone 
health in footballers compared to swimmers and cyclists which could have 
important training implications for non-osteogenic sports. 
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8. The effect of a 9-month jumping intervention 
programme on bone and fitness outcomes in 
adolescent male athletes 
8.1 Abstract 
Objectives: To examine the effect of a 9-month jumping intervention on bone 
and fitness outcomes in adolescent male athletes. 
Methods: 93 adolescent male swimmers (SWI), footballers (FOO) and cyclists 
(CYC) were randomised to intervention (INT) and sport (INT-SWI=19, INT-
FOO=15, INT-CYC=14) or sport only control (CON-SWI =18, CON-FOO =15, 
CON-CYC =12) groups. The 9-month jumping intervention comprised of 3 levels 
using weight-adjustable vests (Level 1= 20 jumps, 0 kg, 3 sets/day, 3 
times/week; Level 2= 20 jumps, 2 kg, 4 sets/day, 3 times/week; Level 3= 20 
jumps, 5 kg, 4 sets/day, 4 times/week). Total body bone mineral content (BMC) 
was measured using dual-energy x-ray absorptiometry (DXA) and bone 
stiffness using quantitative ultrasound (QUS). Fitness was assessed using the 
20 m shuttle run test, counter movement jump (CMJ) and standing long jump 
(SLJ) tests. 
Results: INT-SWI had significantly higher gains in BMC legs and bone stiffness 
compared to CON-SWI (4.2-12.7 %). INT-CYC had significantly higher gains in 
BMC at TBLH and legs and bone stiffness compared to CON-CYC (5.0-12.3 %). 
There were no significant differences between INT-FOO and CON-FOO in any 
bone outcomes (0.9-3.9 %). INT-SWI, INT-CYC and INT-FOO significantly 
improved fitness outcomes (3.7-7.9 %) and CON-FOO significantly improved 
CMJ (4.0 %). 
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Conclusions: A 9-month jumping intervention improves bone outcomes only in 
male adolescents participating in SWI and CYC, while improvements in fitness 
were observed in all groups. This study highlights the importance of 
implementing weight-bearing activities, such as jumps, to improve bone health 
in adolescents involved in non-osteogenic sport athletes.  
 
Keywords: adolescence, bone mass, plyometric jump training, football, cycling, 
swimming, fitness. 
 
8.2 Introduction 
Bone acquisition during the 5 years surrounding peak height velocity (PHV) 
accounts for up to 43 % of total peak bone mass (PBM) (Baxter-Jones et al., 
2011, Boreham and McKay, 2011). External loading applied on the skeleton 
during adolescence, such as exercise, can increase bone mineral content (BMC) 
and bone mineral density (BMD) (Hind and Burrows, 2007, MacKelvie et al., 
2002a) and tracks into adulthood (Baxter-Jones et al., 2008, Kato et al., 2009, 
Nikander et al., 2010). However, the bone gains are dependent on the loading 
characteristics of the sports practised (Maimoun et al., 2013a, Tervo et al., 
2010).  
Football, cycling and swimming are among the most popular sports performed 
around the world (Sport England, 2016).  Previous studies conducted in 
adolescents indicate that participation in “osteogenic” sports, such us football, 
can augment BMC at the loaded sites of the skeleton (Zouch et al., 2014, 
Maimoun et al., 2013b, Ubago-Guisado et al., 2015a, Vlachopoulos et al., 
2017a, Vlachopoulos et al., 2017b). However, participation in “non-osteogenic 
sports”, such as swimming and cycling, may have a negative or no impact on 
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bone outcomes (Olmedillas et al., 2012, Gomez-Bruton et al., 2013), which may 
compromise the achievement of a high PBM and increase the risk of 
osteoporotic fractures in adulthood (Gordon et al., 2016, Chevalley et al., 2017). 
In a recent cross-sectional study we found that adolescent male swimmers and 
cyclists had lower adjusted BMC and BMD compared to footballers 
(Vlachopoulos et al., 2017c), with lean mass and fitness as important, 
significant predictors of bone outcomes (Vlachopoulos et al., 2017d). Despite 
the large number of adolescents involved in osteogenic and non-osteogenic 
sports, there is no evidence on the efficacy of jumping interventions to improve 
bone mineralization in adolescent athletes. 
Previous jumping intervention studies were conducted in the school 
environment (MacKelvie et al., 2002b, Weeks et al., 2008, Petit et al., 2002) and 
have been shown to improve bone and fitness outcomes in non-athletic 
prepubertal and pubertal children (Fuchs et al., 2001, Larsen et al., 2016, 
McKay et al., 2005b). Adolescent footballers are thought to obtain the 
osteogenic stimulus needed to optimise their bone health through the sport 
specific weight-bearing training (Vicente-Rodriguez et al., 2004a). However, 
there is no evidence whether a jumping intervention can improve their bone 
health further. Adolescent swimmers and cyclists may not obtain the optimal 
bone mineralisation during this critical period due to the lack of osteogenic 
stimulus (Olmedillas et al., 2012, Gomez-Bruton et al., 2013, MacKelvie et al., 
2002a), and therefore a jumping intervention with these groups represents a 
window of opportunity to optimise their bone health. To the best of our 
knowledge, such intervention has not been tested in adolescent athletic 
populations. 
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The purpose of the study was to examine the effects of a 9-month progressive 
jumping intervention programme on bone outcomes and fitness parameters in 
adolescent male swimmers (SWI), footballers (FOO) and cyclists (CYC). It was 
hypothesised that the intervention will induce significantly positive changes on 
bone outcomes in swimmers and cyclists but not in footballers. 
8.3 Methods 
8.3.1 Study design and participants 
The present study represents a randomised controlled trial intervention as part 
of the longitudinal PRO-BONE study, whose methodology has been described 
elsewhere (Vlachopoulos et al., 2015). Inclusion criteria included: 1) Males 12-
14 years old, engaged (≥ 3 h/week) in osteogenic (football) or non-osteogenic 
(swimming and cycling) sports in the last 3 years or more. Exclusion criteria 
included: 1) participation in another clinical trial; 2) any acute infection lasting 
until < 1 week before inclusion; 3) medical history of diseases or medications 
affecting bone metabolism or the presence of an injury (before inclusion) that 
may affect participation in their respective sports and/or any variable considered 
in the present study (4) non-Caucasian participants. For the present study, data 
obtained at pre (autumn/winter 2015/16) and post (summer/ autumn 2016) 
intervention programme (mean difference of visits = 289 days) were used. The 
Consolidated Standards of Reporting Trials (CONSORT) flow diagram is 
presented in Figure 8.1. A total of 93 adolescent male athletes (14.1±1.0 years 
at pre-intervention) completed all pre and post measurements. Each sport 
group was randomised by an independent researcher into two different groups: 
INT and sport (INT-SWI=19, INT-FOO=15, INT-CYC=14) and sport only 
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(without any additional intervention) (CON-SWI=18, CON-FOO=15, CON-
CYC=12).  
 
Figure 8.1. PRO-BONE study flow chart. CONSORT, Consolidated standards of reporting trials. 
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8.3.2 PRO-BONE study jump intervention programme 
The 9-month progressive jump intervention programme (~10 min/day) consisted 
of CMJs and was performed by participants in the INT groups. The intervention 
consisted of 3 levels (12 weeks each) using adjustable weight vests (The Sports 
HQ, UK) and was performed on a hard surface. The intensity and the volume 
increased progressively by modifying the weight in the vests and the number of 
sets performed at each level (Level 1= 20 jumps, 0 kg, 3 sets/day, 3 times/week; 
Level 2= 20 jumps, 2 kg, 4 sets/day, 3 times/week; Level 3= 20 jumps, 5 kg, 4 
sets/day, 4 times/week). A jump diary was used to record the number of jumps 
performed at each level and was returned to the research group every 3 months. 
Before the intervention, trained research assistants explained and 
demonstrated the CMJ only to INT groups, and participants executed the CMJ 
to ensure proper technique. The CMJ was chosen for the intervention as it has 
a high rate of change in force (493 times body weight/s) and ground reaction 
forces (5 times body weight) in 8.3 - 11.7 years old boys and girls (McKay et al., 
2005a). The reliability and validity of the CMJ has been previously reported 
(Acero et al., 2011). 
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Table 8.1. PRO BONE study plyometric jump intervention training progression and compliance    
Level Exercise 
Vest weights 
(kg) 
Repetitions 
2Sets / day 
(3Rest) 
4Trainings / 
week 
Jumps / 
week 
5Compliance in % and  
number (SD) of jumps completed 
INT-SWI 
(N=19) 
INT-FOO 
(N=15) 
INT-CYC 
(N=14) 
1 1CMJ - 20 3 3 180 90.3 % 95.3 % 91.3 % 
Total level 1 (12 weeks)    180 x 12 = 2160 1949 (204) 2059 (155) 1971 (240) 
2 1CMJ 2 20 4 3 240 75.0 % 83.9 % 83.1 % 
Total level 2 (12 weeks)    240 x 12 = 2880 2159 (434) 2416 (444) 2393 (454) 
3 1CMJ 5 20 4 4 320 46.0 % 56.8 % 47.1 % 
Total level 3 (12 weeks)    320 x 12 = 3840 1765 (298) 2181 (434) 1807 (598) 
Total intervention (36 weeks)     8880 
66.0 % 
5858 (1051) 
75.0 % 
6656 (1281) 
69.5 % 
6171 (1097) 
1Countermovement jump. 2Sets = 20 CMJ. 3Rest between sets = 30 seconds. 4When 3 sets/day, jumps suggested to be performed in the morning before 
going to school (1 set), after school (1 set) and before going to bed (1 set). When 4 sets/day, jumps performed in the morning before going to school (1 set), 
after school (2 sets) and before going to bed (1 set).5No significant differences between the intervention groups at any level of the intervention. 
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8.3.3 Dual energy x-ray absorptiometry  
A Lunar Prodigy DXA scanner (GE Healthcare Inc, Wisconsin, USA) was used 
to measure BMC (g), fat mass (g) and lean mass (g). The total body scan was 
used to obtain BMC at the arms (as a non-loaded site), legs, and total body less 
head (TBLH). All scans were undertaken by the same fully trained operator and 
following the International Society of Clinical Densitometry guidelines (Crabtree 
et al., 2014). The DXA percentage coefficient of variation has been reported 
between 1.0 % and 2.9 % at TBLH (Johnson and Dawson-Hughes, 1991). 
8.3.4 Quantitative ultrasound 
QUS measurements were performed with a Lunar Achilles Insight (GE 
Healthcare Inc., Wisconsin, USA). This portable device measured bone 
stiffness using ultrasound waves and measurements were always taken 
following manufacturer guidelines and by trained staff. QUS is considered a 
reliable, valid and radiation-free method to assess bone health in children 
(Sioen et al., 2016). 
8.3.5 Anthropometry and maturity status  
Height (cm) and body mass (kg) were measured by using standard procedures 
(Vlachopoulos et al., 2015). Somatic maturity status was assessed using 
predicted age at PHV. The age from age at PHV was predicted using age and 
height in a validated algorithm (R2 = 0.90; standard error = 0.5) (Moore et al., 
2015). 
8.3.6 Physical activity, training characteristics and diet 
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Physical activity was measured for seven consecutive days at pre- and post-
intervention using wrist accelerometers (GENEA, Cambridgeshire, UK). The 
validity and reliability of the accelerometer has been established previously in 
children and adolescents (Phillips et al., 2013). Data were collected at 100 Hz 
and analysed using 1 s epochs to establish time spent in MVPA using a 
validated cut-point (Phillips et al., 2013). Weekly training hours were obtained 
by face to face interviews at pre- and post-intervention.  
Total energy, protein and calcium intake were assessed using a 24-h food recall. 
The validity and reliability of self-reported dietary intake has been previously 
reported in children (Weber et al., 2004). Total energy, calcium and protein 
intake were estimated using the CompEat Pro software (Nutrition systems, VIS 
Visual Information Systems Ltd., UK). 
8.3.7 Cardiorespiratory and muscular fitness 
Cardiorespiratory fitness was estimated using the 20 m shuttle run test 
(20mSRT) (Leger et al., 1988) completed in the same sports hall both pre-and 
post-intervention. The participants were encouraged to continue the test until 
they reached maximal effort. The test terminated when the participant failed to 
reach the line two consecutive times. The last completed shuttle determined the 
score of the test and the number of shuttles completed was taken as an 
indicator of cardiorespiratory fitness. The 20mSRT has been shown to be 
reliable and valid in adolescents (Castro-Pinero et al., 2010). 
Muscular fitness was assessed using the SLJ test and the CMJ test at least 30 
minutes before performing the 20mSRT and following a standardized warm up. 
For the SLJ, participants were advised to jump as far as possible in order to 
land with both feet and the distance (cm) measured between the starting line 
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and the participant’s heels was recorded. The CMJ was assessed on a jump 
mat (Probotics Inc, Alabama, USA) which calculates jump height based on flight 
time. The participants performed the CMJ with their feet shoulder width apart. 
For both jump tests three maximal jumps were performed and the best score 
was used. The reliability of the CMJ and SLJ has been reported in adolescents 
(Ortega et al., 2008). 
8.3.8 Statistical analyses 
Statistical analyses were performed using the SPSS version 21.0 for Windows 
(IBM statistics, Chicago, IL, USA). Data were checked for normality and 
presented as mean and standard deviation. Data were analysed for each sport 
group separately using: 1) paired t-tests to detect the differences in 
characteristics and fitness parameters between pre- and post-intervention visits, 
and 2) after controlling for baseline bone status, change in lean mass and post 
maturity status (years from PHV), a one-way analysis of covariance (ANCOVA) 
with Bonferroni post hoc to detect differences between the intervention and the 
non-intervention groups in 9-month adjusted gains (Δ BMC and Δ bone 
stiffness). The selection of the covariates was based on relevant predictors of 
bone outcomes in adolescents (Jackowski et al., 2011a, Wilkinson et al., 2017, 
Vlachopoulos et al., 2017d, Ubago-Guisado et al., 2017). Percentages of 
difference between the intervention and non-intervention groups were used to 
quantify the magnitude of the differences in adjusted bone outcome gains. 
Significance was set at p < 0.05. 
8.4 Results 
8.4.1 Descriptive characteristics 
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Table 8.2. Characteristics of the sports groups and the control group before (PRE) and after (POST) the 9-month intervention programme 
 SWIMMERS FOOTBALLERS CYCLISTS 
TOTAL 
(N=105) 
INTERVENTION 
(N=19) 
CONTROL 
(N=18) 
INTERVENTION 
(N=15) 
CONTROL 
(N=15) 
INTERVENTION 
(N=14) 
CONTROL 
(N=12) 
 
PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  
Age 
(years) 
14.5 ± 
0.9
 
15.3 ± 
0.9 
14.7 ± 
1.1 
15.4 ± 
1.1 
13.8 ± 
1.0 
14.6 ± 
1.0 
13.7 ± 
0.8 
14.5 ± 
0.8 
14.1 ± 
1.1 
14.9 ± 
1.1 
14.1 ± 
0.9 
14.9 ± 
0.9 
Height  
(cm) 
170.3 ± 
10.0 
174.1 ± 
9.6 
172.8 ±  
7.6 
176.0 ± 
6.9
 
160.5 ± 
11.0 
165.4 ± 
11.1 
163.3 ± 
9.3 
168.9 ± 
9.1 
168.2 ± 
10.7 
174.5 ± 
8.2 
162.7  ± 
9.7 
166.4 ±  
9.6 
Body mass 
(kg) 
57.2 ± 
9.0 
62.6 ± 
7.8 
60.6 ± 
7.2 
63.6 ± 
7.7 
49.3 ± 
10.8 
54.8 ± 
11.6 
49.6 ± 
7.4 
55.4 ± 
7.1 
57.7 ± 
13.0 
62.6 ± 
12.2 
51.0 ± 
12.4 
55.2 ±  
13.9 
Lean mass 
(kg) 
46.7 ± 
9.4 
51.2 ± 
8.5
 
48.7 ± 
8.2 
51.9 ± 
6.7
 
41.5 ± 
10.0 
46.1 ± 
10.5 
39.6 ± 
7.4 
44.9 ± 
7.2 
45.0 ± 
7.9 
49.5 ± 
7.6 
40.3 ± 
8.6 
44.0 ± 
9.2 
Fat mass 
(kg) 
7.6 ± 
3.1 
8.5 ± 
2.9 
8.2 ± 
3.4 
8.7 ± 
3.8 
5.4 ± 
2.2 
6.1 ± 
2.3 
7.1 ± 
2.3 
7.6 ± 
3.5 
9.9 ± 
9.7 
10.0 ± 
9.7 
8.1 ± 
5.5 
8.3 ± 
6.5 
PHV 
(years) 
1.0 ±  
1.0 
1.7 ±  
1.0 
1.2 ±  
1.0 
1.8 ±  
0.9 
0.0 ±  
1.0 
0.7 ±  
1.0 
0.1 ±  
0.8 
0.9 ±  
0.8 
0.7 ±  
1.1 
1.4 ±  
1.0 
0.3 ±  
0.9 
1.0 ± 
1.0 
MVPA 
(min/day) 
61.3 ± 
19.6 
67.5 ± 
19.6 
59.6 ± 
25.2 
60.0 ± 
18.1 
97.7 ± 
18.8 
83.3 ± 
18.5 
89.6 ± 
33.5 
76.3 ± 
22.4 
85.6 ± 
22.1 
93.9 ± 
15.7 
88.9 ± 
21.8 
78.7 ±  
13.4 
Training 
volume 
(hrs/week) 
7.9 ± 
3.6 
11.8 ±  
5.4 
10.2 ±  
3.1 
12.9 ±  
5.4 
10.2 ±  
1.2 
12.0 ±  
2.8 
8.8 ±  
2.0 
10.7 ±  
1.8 
5.3 ±    
2.0 
7.9 ±  
3.8 
5.3 ± 
 1.6 
8.2 ±   
2.8 
Energy 
intake 
(kcal/day) 
2534 ± 
382 
2465 ± 
221 
2603 ± 
425 
2386 ± 
133 
2237 ± 
517 
2379 ± 
262 
2419 ± 
620 
2309 ± 
234 
2320 ± 
280 
2244 ± 
166 
2221 ± 
325 
2226 ± 
152 
Protein 
intake 
(g/day) 
85.8 ± 
30.9 
89.8 ± 
31.2 
77.9 ± 
28.5 
82.8 ± 
24.8 
95.3 ± 
21.6 
97.1 ± 
29.3 
92.0 ± 
35.3 
90.1 ± 
20.4 
80.3 ± 
13.3 
88.0 ± 
23.0 
84.9 ± 
28.9 
86.4 ± 
21.1 
Calcium 
intake 
(mg/day) 
1237 ± 
280 
1118 ± 
289 
1155 ± 
257 
1109 ± 
189 
1342 ± 
350 
1231 ± 
167 
1177 ± 
378 
1179 ± 
178 
1183 ± 
370 
1253 ± 
196 
1385 ± 
280 
1279 ±  
149 
Values are mean ± standard deviation. Bold values indicate significant higher values between PRE and POST. MVPA: Moderate to vigorous physical activity; PHV: 
peak height velocity. 
219 
 
 
The mean total compliance of the intervention is shown in Table 8.1. Table 8.2 
presents the descriptive characteristics of the participants pre and post 
intervention. In all INT groups, the studied variables significantly increased from 
pre- to post-intervention, except MVPA and fat mass in INT-CYC. Similarly, all 
variables significantly increased from pre to post in CON-SWI, CON-FOO and 
CON-CYC except MVPA, and fat mass. Total energy, protein and calcium 
intakes did not change pre and post for any of the groups. 
8.4.2 Nine-month adjusted bone gains 
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Table 8.3. PRE and 9-month adjusted gain in bone mineral content (BMC, g) and bone stiffness of the intervention and control groups 
TOTAL 
(N=105) 
SWIMMERS FOOTBALLERS CYCLISTS 
INTERVENTION 
(N=19) 
CONTROL 
(N=18) 
INTERVENTION 
(N=15) 
CONTROL 
(N=15) 
INTERVENTION 
(N=19) 
CONTROL 
(N=18) 
PRE 
9-month 
adjusted 
gains Δ  
(95% CI) 
PRE 
9-month 
adjusted 
gains Δ  
(95% CI) 
PRE 
9-month 
adjusted 
gains Δ  
(95% CI) 
PRE 
9-month 
adjusted 
gains Δ  
(95% CI) 
PRE 
9-month 
adjusted 
gains Δ  
(95% CI) 
PRE 
9-month 
adjusted 
gains Δ  
(95% CI) 
TBLH 
BMC 
1892 ± 
339 
322
 
(276-368) 
1952 ± 
325 
251 
(203-300) 
1730 ± 
479 
386 
(335-438) 
1769 ± 
398 
325 
(274-377) 
1848 ± 
379 
341 
(290-394) 
1582 ± 
401 
203 
(145-260) 
Legs 
BMC 
888 ± 
147 
141 
(124-159) 
922 ± 
135 
95 
(77-114) 
877 ± 
246 
150 
(130-170) 
886 ± 
201 
131 
(111-150) 
899 ± 
170 
148 
(129-168) 
759 ± 
168 
87 
(65-109) 
Arms 
BMC 
290 ± 
68 
44 
(37-51) 
303 ± 
67 
40 
(33-47) 
226 ± 
76 
46 
(38-53) 
228 ± 
61 
48 
(41-56) 
271 ± 
68 
49 
(40-56) 
233 ± 
74 
40 
(32-48) 
Bone 
stiffness 
95.9 ± 
12.0 
10.3
 
(7.2-13.5) 
94.5 ± 
16.3 
-1.8 
(-5.1-1.6) 
104.4 ± 
11.9 
15.3 
(11.6-8.9) 
105.7 ± 
12.4 
10.9
 
(7.2-14.6) 
95.6 ± 
15.6 
9.5 
(5.9-13.1) 
93.6 ± 
14 
-2.2 
(-6.0-1.7) 
Raw values at PRE are mean ± standard deviation. Values at 9-month were adjusted for pre bone values, change in lean mass and post peak height velocity, and 
presented as mean and 95% CI. BMC: Bone mineral content, TBLH: Total body less head. Bold values denote significant higher gains compared to the sport specific 
control group. p<0.05.  
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Table 8.3 shows pre-intervention BMC (g) and the 9-month adjusted gains in 
BMC (g) and bone stiffness in all groups. Figure 8.2 shows the percentage of 
difference on adjusted BMC and bone stiffness gains between each of the INT-
SPORT and CON-SPORT groups. INT-SWI gained significantly higher legs 
BMC (5.6 %) and bone stiffness (12.6 %) than CON-SWI. INT-CYC gained 
significantly higher TBLH BMC (5.6%), legs BMC (5.0%) and bone stiffness 
(12.3%) than CON-CYC (all p<0.05). There were no significant differences 
between INT-FOO and CON-FOO for the bone outcomes (p>0.05). 
Figure 8.2. The effect of 9-month jumping intervention on adjusted change in bone mineral 
content (BMC, g) and bone stiffness presented as percentage (%) over control groups (0 lines). 
Results were adjusted for baseline (pre) bone outcomes, change in lean mass and post maturity 
status. Superscript * denotes significant higher change compared to the sport specific control 
group, p<0.05. 
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8.4.3 Physical fitness parameters 
Table 8.4 presents physical fitness measurements of the groups pre- to post-
intervention. INT-SWI and INT-CYC significantly increased CMJ (6.4-7.2 %), 
SLJ (3.7-4.8 %) and 20mSRT (7.0-7.9 %) from pre- to post-intervention (all 
p<0.05). In INT-FOO, CMJ (4.7 %) and SLJ (4.0 %) were significantly increased 
from pre- to post-intervention (all p<0.05), but 20mSRT did not (3.9 %). In CON-
SWI and CON-CYC none of the fitness parameters (1.5-2.5 %) improved 
(p>0.05). CON-FOO significantly increased CMJ (4.0 %) from pre- to post-
intervention (p<0.05). 
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Table 8.4. Physical fitness measurements of the sports groups and the control group before (PRE) and after (POST) the 9-month intervention programme 
 SWIMMERS FOOTBALLERS CYCLISTS 
TOTAL 
(N=105) 
INTERVENTION 
(N=19) 
CONTROL 
(N=18) 
INTERVENTION 
(N=15) 
CONTROL 
(N=15) 
INTERVENTION 
(N=19) 
CONTROL 
(N=18) 
 
PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  
Counter 
movement 
jump (cm) 
46.8 ± 
7.2
 
49.9 ± 
7.7 
46.6 ± 
9.4 
45.9 ± 
8.8 
45.3 ± 
6.1 
47.5 ± 
5.7 
41.7 ± 
5.8 
43.4 ± 
6.4 
42.7 ± 
5.9 
45.9 ± 
5.3 
45.4 ± 
7.8 
46.3 ±  
8.0 
Standing 
Long Jump 
(cm) 
195.8 ± 
27.8
 
203.1 ± 
27.9 
191.1 ± 
27.7
 
194.7 ± 
28.1 
188.1 ± 
24.9
 
194.6 ± 
23.4 
184.1 ± 
21.2 
191.7 ± 
22.3 
173.8 ± 
34.1 
182.3 ± 
31.8 
180.7 ± 
24.5 
185.3 ± 
28.4 
20mSRT 
(shuttles) 
79.2 ± 
17.6
 
85.7 ± 
17.3 
74.2 ± 
24.4 
76.1 ± 
18.0 
94.5 ± 
14.4
 
98.3 ± 
16.1 
92.0 ± 
21.9 
94.9 ± 
25.0 
82.4 ± 
24.2 
88.4 ± 
22.6 
82.8 ± 
19.2 
85.7 ± 
25.1 
20mSRT : 20 meter shuttle run test. Values are mean ± standard deviation. Bold values indicate significant higher values between PRE and POST.  
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8.5 Discussion 
This is the first jumping intervention implemented in male adolescent athletes 
involved in osteogenic (football) and non-osteogenic (swimming and cycling) 
sports. The main findings of the present study were that a 9-month progressive 
jumping intervention programme: 1) induced significant improvements on 
clinically relevant bone outcomes in athletes engaged in the non-osteogenic 
sports, swimming and cycling, but not in the osteogenic sport, football; and 2) 
induced significant improvements on fitness outcomes in both osteogenic and 
non-osteogenic sports groups. Collectively, this study shows that a progressive 
jump training programme can be easily implemented by sport clubs to improve 
bone health and fitness outcomes in male adolescent athletes who participate in 
non-osteogenic sports such as swimming and cycling.   
8.5.1 Effectiveness of the PRO-BONE jumping intervention on bone gains 
Comparisons between jumping intervention studies focusing on athletes are 
difficult because there are no previous studies evaluating the effect of a jumping 
intervention on bone outcomes in athletes. The effect of the PRO-BONE 
jumping intervention in non-osteogenic sport athletes on bone outcomes was 
either greater or equivalent to that of previous jumping intervention studies in 
non-athletic children and adolescents (Weeks et al., 2008, McKay et al., 2005b, 
MacKelvie et al., 2002b). A previous 8-month school-based jumping intervention 
reported that non-athletic adolescent males had 4.3 % significantly higher gains 
at total body BMC and 5.0 % improvements at QUS outcome compared to 
controls (Weeks et al., 2008). In the present 9-month intervention, there was a 
greater magnitude in improvements at TBLH BMC (4.2 - 5.6 %), legs BMC (5.0 
- 5.6 %), and bone stiffness (12.3 - 12.7 %) in INT-SWI and INT-CYC compared 
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to CON-SWI and CON-CYC. The greater improvements observed on bone 
outcomes in non-osteogenic sport athletes can be explained by the ground 
reaction forces and progressive skeletal stimulus applied on the unloaded 
skeleton during the jumping intervention (Gomez-Bruton et al., 2016a, 
Olmedillas et al., 2012). Previous 7 and 8-month jumping intervention studies in 
a school-based environment on non-athletic pubertal children and adolescents 
reported significant improvements on BMC (1.4 - 4.5 %) in the intervention 
groups compared to controls (MacKelvie et al., 2002b, McKay et al., 2005b, 
Fuchs et al., 2001). In these previous studies, the effect of the intervention was 
greater at the weight-bearing sites of the skeleton (4.5 %), which is equivalent 
with the higher improvements observed at legs BMC (5.0 - 5.6 %) in the present 
study. In addition, the greater bone adaptations in the non-osteogenic groups of 
the current study compared to previous work may be attributed to the ability of 
the skeleton to adapt better to the external stimulus after long-term (8 and 6 
years for swimmers and cyclists, respectively) non-osteogenic sport 
participation  (Maimoun et al., 2013b, Nikander et al., 2005). In contrast, but 
consistent with our hypothesis, the stimulus provided by the jumping 
intervention was not enough to induce significant bone gains in INT-FOO 
compared to CON-FOO, despite footballers showing better compliance to the 
intervention compared to cyclist and swimmers (75% vs. 69.5% and 66%, 
respectively, p>0.05). The compliance in the present study was equivalent or 
lower compared to other studies (70% vs 80-90%) (MacKelvie et al., 2002b, 
Fuchs et al., 2001, Gunter et al., 2008a) and this might be due to the longer 
duration of the present intervention (9 months vs 7-8 months) and due to the 
greater number of jumps performed in the present study (160 vs 90 jumps per 
week) (McKay et al., 2005b). According to the mechanostat theory the bones 
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adapt their strength and content to respond to the strain caused by external 
physiological loads up to a certain point (Schoenau, 2005, Ireland et al., 2014). 
Footballers may have reached a ceiling for bone improvements as we have 
previously shown to have greater bone outcomes compared to swimmers and 
cyclists after adjusting for lean mass among other confounders (Vlachopoulos 
et al., 2017c). A different intervention programme of longer duration and loading 
intensity may be needed to improve bone outcomes in osteogenic sports, such 
as football.  The implemented jumping intervention significantly improved bone 
outcomes in non-osteogenic sports, such as swimming and cycling compared to 
their respective control groups indicating a window of opportunity to counteract 
the lack of osteogenic stimulus observed in adolescent athletes involved in non-
osteogenic sports (Olmedillas et al., 2012). 
8.5.2 Effectiveness of the PRO-BONE jumping intervention on physical 
fitness 
Physical fitness has extensively been considered as a powerful marker of health 
(Baptista et al., 2016) and physical fitness is associated with lean mass and 
bone status during adolescence (Ubago-Guisado et al., 2017). The present 
intervention induced significant improvements in CMJ (6.2 - 7.0 %), SLJ (4.6 - 
5.0 %) and 20mSRT (6.8 - 7.6 %) in INT-SWI and INT-CYC, while there were 
no improvements in CON-SWI and CON-CYC. Also, CMJ significantly improved 
in INT-FOO and CON-FOO (3.9 - 4.1 %) and FOO INT significantly improved 
SLJ (3.5 %). The 20mSRT did not improve in INT-FOO and CON-FOO which 
might be explained by our previous cross-sectional findings showing that 
footballers already have significantly higher 20mSRT score compared to 
swimmers and cyclists (Ubago-Guisado et al., 2017), therefore the potential to 
improve20mSRT score from the present jumping intervention programme is 
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greater in swimmers and cyclists than in footballers. The improvements 
observed for the fitness outcomes in the present study are likely to be related to 
the ground reaction forces applied on the skeleton during the jumping 
intervention, which acts as a mechanism to improve bone outcomes via the 
muscular contractions produced (McKay et al., 2005a, Ginty et al., 2005a). The 
findings of the present study are in accordance with a 10-month intervention 
programme that included small-sided ball games and circuit strength training 
groups and found 9-10 % higher improvements on CMJ distance of both non-
athletic 8-10 year olds compared to controls (Larsen et al., 2016). The 
magnitude on fitness improvements in the present study might be explained by 
the dose-response of benefits of plyometric training on physical performance in 
adolescent athletes (Lesinski et al., 2016). 
8.5.3 Strengths and limitations 
The strengths of the present study are: 1) the evaluation for first time of a novel 
9-month progressive jumping intervention programme in adolescent athletes 
participating in osteogenic and non-osteogenic sports; 2) the combination of 
DXA and QUS, which provides a comprehensive insight into the responses of 
the intervention on BMC and bone stiffness and 3) the low cost and relative 
ease jumping programme for young athletes that almost any sport club could 
implement with minimal training for the coach and the athlete. Despite DXA is a 
clinically relevant device to assess bone outcomes, the two-dimensional 
imaging technique cannot provide information regarding the structural 
adaptations that may be induced from the jumping intervention.  
8.6 Conclusion 
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The present study is the first randomised control trial to investigate the 
musculoskeletal effects of a 9-month progressive jumping intervention 
programme in adolescent male athletes. The findings indicate that the jumping 
intervention programme can significantly improve bone mass at total body and 
legs, and bone stiffness in adolescent male athletes involved in non-osteogenic 
sports and induce significant improvements in muscular and cardiorespiratory 
fitness on both osteogenic and non-osteogenic groups. The intervention 
programme can be implemented by non-osteogenic sports clubs and athletes to 
improve bone health. 
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9. A 9-month jumping intervention to improve bone 
mass, geometry and metabolism in adolescent male 
athletes 
9.1 Abstract 
The objective of study was to examine the effects of a 9-month jumping 
intervention on bone mass, geometry, texture, bone turnover and nutritional 
markers in adolescent male athletes. Ninety three adolescent male swimmers 
(SWI), footballers (FOO) and cyclists (CYC) were randomized to an intervention 
(INT) and sport (INT-SWI=19, INT-FOO=15, INT-CYC=14) or sport only control 
(CON-SWI =18, CON-FOO =15, CON-CYC =12) groups. The 9-month jumping 
intervention consisted of 3 levels using weight vests (Level 1= 20 jumps, 0 kg, 3 
sets/day, 3 times/week; Level 2= 20 jumps, 2 kg, 4 sets/day, 3 times/week; 
Level 3= 20 jumps, 5 kg, 4 sets/day, 4 times/week). Bone mineral content 
(BMC) was assessed using dual-energy x-ray absorptiometry. Cross-sectional 
area (CSA), cross-sectional moment of inertia (CSMI) and section modulus (Z) 
at the femoral neck were assessed using hip structural analysis, and trabecular 
texture of the lumbar spine using trabecular bone score (TBS). Serum N-
terminal propeptide of procollagen type I (PINP), isomer of the Carboxi-terminal 
telopeptide of type 1 collagen (CTX-I), total serum calcium and 25 
hydroxyvitamin D [25(OH)D] were analysed. INT-CYC gained significantly 
higher lumbar spine BMC (4.6 %) and femoral neck BMC (9.8 %) than CON-
CYC. INT-CYC gained significantly higher CSA (11.0 %), CSMI (10.1 %) and 
TBS (4.4 %) than CON-CYC. INT-SWI gained significantly higher femoral neck 
BMC (6.0 %) and CSMI (10.9 %) than CON-SWI. There were no significant 
differences between INT-FOO and CON-FOO in any of the bone outcomes. 
PINP significantly decreased in CON-SWI, INT-FOO, CON-FOO and CON-
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CYC. CTX-I significantly decreased in CON-SWI and CON-CYC. 25(OH)D 
significantly increased in INT-CYC, CON-CYC, INT-FOO and CON-FOO. This 
novel jumping intervention programme improved bone outcomes at lumbar 
spine and femoral neck of adolescent male athletes involved in non-osteogenic 
sports, such as swimming and cycling, but not in those involved in osteogenic 
sports, such as football. 
 
Keywords: adolescence, bone gains, exercise, intervention, jumping, sports. 
 
9.2 Introduction  
Exercise during childhood and adolescence can improve bone mineral content 
(BMC) and areal bone mineral density (aBMD) (Hind and Burrows, 2007, 
Baxter-Jones et al., 2008, Ward et al., 2003) with benefits maintained into 
adulthood (Kato et al., 2009, Tervo et al., 2010, Weaver et al., 2016). Low bone 
mass during adolescence is associated with increased fracture risk and 
osteoporosis later in life (Christoffersen et al., 2017, Cooper et al., 2004a, Clark 
et al., 2006). The adolescent years are critical for bone development with up to 
43 % of peak bone mass acquired during the 5-year period surrounding peak 
height velocity (PHV) (Baxter-Jones et al., 2011, MacKelvie et al., 2002a). Bone 
acquisition depends, in part, on the ground reaction forces applied to the 
skeleton during exercise, yet not all the types of sport can improve bone mass 
and structure (McKay et al., 2005a, Maimoun et al., 2013a, Vlachopoulos et al., 
2017b). Football, cycling and swimming are among the most popular sports 
worldwide for adolescents and previous longitudinal studies show that weight-
bearing sports, such us football, can augment BMC at the loaded sites of the 
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skeleton (Zouch et al., 2014, Maimoun et al., 2013b, Vlachopoulos et al., 
2017a). However, participation in non-weight-bearing, such as swimming and 
cycling, may have a negative or no impact on bone development (Olmedillas et 
al., 2012, Gomez-Bruton et al., 2013, Vlachopoulos et al., 2017c), which may 
compromise the achievement of a higher peak bone mass.  
A large number of adolescents are involved in football, swimming and cycling, 
but there is limited knowledge on the effectiveness of interventions to improve 
bone mineralization in athletes during this period of life. Previous intervention 
studies were conducted in the school environment (MacKelvie et al., 2002b, 
Weeks et al., 2008, Petit et al., 2002) and have shown that jumping can improve 
bone outcomes in non-athletic prepubertal and pubertal children (McKay et al., 
2005b, Fuchs et al., 2001, Weeks et al., 2008). Adolescent footballers have 
been found to obtain the osteogenic stimulus needed to optimise their bone 
health through the sport specific weight-bearing training (Vicente-Rodriguez et 
al., 2004a, Vlachopoulos et al., 2017c), but there is no evidence whether a 
jumping intervention can improve further their bone health. In contrast, 
adolescent swimmers and cyclists may not obtain the optimal bone 
mineralisation during this critical period due to the lack of osteogenic stimulus 
(Olmedillas et al., 2012, Gomez-Bruton et al., 2013). However, it is not known 
whether a jumping intervention can counteract the lack of osteogenic stimulus in 
non-weight bearing adolescent athletes, such as swimmers and cyclists. 
Changes in BMC and aBMD and bone area (Behringer et al., 2014, Zouch et al., 
2014) due to external mechanical loading can be measured by dual-energy x-
ray absorptiometry (DXA), but adaptations in strength, structure and geometry 
during growth or following an intervention such as jumping, may not be detected 
due to the two dimensional nature of DXA (Petit et al., 2002, MacKelvie et al., 
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2004). However, there are studies using techniques such as hip structural 
analysis (HSA) to assess bone geometry estimates, such as cross-sectional 
area (CSA), cross-sectional moment of inertia (CSMI) and section modulus at 
the femoral neck in adolescents (Maimoun et al., 2013b, Ferry et al., 2013). In 
addition, the recently developed trabecular bone score (TBS), which can predict 
fracture risk (Hans et al., 2011b) and fragility of the lumbar spine (Shawwa et al., 
2016, Silva et al., 2014), can provide an indirect textural index of trabecular 
microarchitecture in the lumbar spine (Hans et al., 2011a). Moreover, the 
assessment of bone turnover and nutrition markers, such as N-terminal 
propeptide of procollagen type I (PINP), isomer of the Carboxi-terminal 
telopeptide of type 1 collagen (CTX-I), total serum calcium and 25 
hydroxyvitamin D [25(OH)D] can provide important information about bone 
formation and resorption in relation to the sports practised during adolescence 
(Banfi et al., 2010, Gracia-Marco et al., 2010, Vaitkeviciute et al., 2016). We 
recently found that footballers gained significantly higher HSA and TBS 
outcomes compared to swimmers and cyclists after one year of sport specific 
training, and footballers had significantly higher bone formation compared to 
both non-osteogenic sports (Vlachopoulos et al., 2017a).   
The scope of the study was to examine the effects of a 9-month progressive 
jumping intervention programme on BMC, hip geometry estimates, TBS at the 
clinically relevant skeletal sites of lumbar spine and femoral neck, and bone 
turnover markers in adolescent male swimmers (SWI), footballers (FOO) and 
cyclists (CYC). It was hypothesised that the intervention will induce significantly 
positive changes on bone outcomes in swimmers and cyclists but not in 
footballers. 
9.3 Methods 
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9.3.1 Cohort and study design 
The present randomized controlled trial intervention is part of the longitudinal 
PRO-BONE study, whose methodology has been described elsewhere 
(Vlachopoulos et al., 2015). The inclusion criteria were adolescent males 12-14 
years old, engaged (≥ 3 h/week) in osteogenic (football) and/or non-osteogenic 
(swimming and cycling) sports in the last 3 years or more. The exclusion criteria 
were participation in another clinical trial, any acute infection lasting until < 1 
week before inclusion, medical history of diseases or medications affecting 
bone metabolism or the presence of an injury (before inclusion) that may affect 
participation in their respective sports and/or any variable considered in the 
present study and non-Caucasian participants. Informed consent was obtained 
from all parents and participants included in the study. All procedures performed 
in studies involving human participants were in accordance with the ethical 
standards of the institutional and/or national research committee and with the 
1964 Helsinki declaration and its later amendments or comparable ethical 
standards. Ethics approval received from the following committees: 1) the 
Ethics Review Sector of Directorate-General of Research (European 
Commission, ref. number 618496); 2) the Sport and Health Sciences Ethics 
Committee (University of Exeter, ref. number 2014/766) and 3) the National 
Research Ethics Service Committee (NRES Committee South West – Cornwall 
& Plymouth, ref. number 14/SW/0060). For the present study, data obtained at 
pre (autumn/winter 2015/16) and post (summer/autumn 2016) the intervention 
programme (mean difference of visits = 289 days) are used. The Consolidated 
Standards of Reporting Trials (CONSORT) flow diagram is presented in Figure 
9.1. A total of 93 adolescent males (14.1±1.0 years at pre-intervention) 
completed all pre and post measurements. The sports groups were simply 
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randomized by an independent researcher into two different groups: INT and 
sport (INT-SWI=19, INT-FOO=15, INT-CYC=14) and sport only (without any 
additional intervention) (CON-SWI=18, CON-FOO=15, CON-CYC=12).  
 
Figure 9.1. PRO-BONE study flow chart. CONSORT, Consolidated standards of reporting trials. 
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9.3.2 PRO-BONE study jump intervention programme 
The 9-month progressive jump intervention programme (~10 min/day) consisted 
of counter movement jumps (CMJ) and was performed by participants in the 
INT groups. The intervention consisted of 3 levels (12 weeks each) using 
adjustable weight vests (The Sports HQ, UK) and was performed on a hard 
surface. The intensity and the volume increased progressively (Table 9.1) by 
modifying the weight in the vests and the number of sets performed at each 
level (Level 1= 20 jumps, 0 kg, 3 sets/day, 3 times/week; Level 2= 20 jumps, 2 
kg, 4 sets/day, 3 times/week; Level 3= 20 jumps, 5 kg, 4 sets/day, 4 
times/week). A jump diary was used to record the number of jumps performed 
at each level and was returned to the research group every 3 months. Before 
the intervention, trained research assistants explained and demonstrated the 
CMJ only to INT groups, and participants executed the CMJ to ensure proper 
technique. The CMJ was chosen for the intervention as it has a high rate of 
change in force (493 times body weight/s) and ground reaction forces (5 times 
body weight) in 8.3 - 11.7 years old boys and girls (McKay et al., 2005a). The 
reliability and validity of the CMJ has been previously reported (Acero et al., 
2011). 
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Table 9.1. PRO BONE study plyometric jump intervention training progression and compliance    
Level Exercise 
Vest weights 
(kg) 
Repetitions 
2Sets / day 
(3Rest) 
4Trainings / 
week 
Jumps / 
week 
5Compliance in % and  
number (SD) of jumps completed 
INT-SWI 
(N=19) 
INT-FOO 
(N=15) 
INT-CYC 
(N=14) 
1 1CMJ - 20 3 3 180 90.3 % 95.3 % 91.3 % 
Total level 1 (12 weeks)    180 x 12 = 2160 1949 (204) 2059 (155) 1971 (240) 
2 1CMJ 2 20 4 3 240 75.0 % 83.9 % 83.1 % 
Total level 2 (12 weeks)    240 x 12 = 2880 2159 (434) 2416 (444) 2393 (454) 
3 1CMJ 5 20 4 4 320 46.0 % 56.8 % 47.1 % 
Total level 3 (12 weeks)    320 x 12 = 3840 1765 (298) 2181 (434) 1807 (598) 
Total intervention (36 weeks)     8880 
66.0 % 
5858 (1051) 
75.0 % 
6656 (1281) 
69.5 % 
6171 (1097) 
1Countermovement jump. 2Sets = 20 CMJ. 3Rest between sets = 30 seconds. 4When 3 sets/day, jumps suggested to be performed in the morning before 
going to school (1 set), after school (1 set) and before going to bed (1 set). When 4 sets/day, jumps performed in the morning before going to school (1 set), 
after school (2 sets) and before going to bed (1 set).5No significant differences between the intervention groups at any level of the intervention. 
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9.3.3 Bone outcomes: DXA, HSA, TBS and biochemical markers 
A Lunar Prodigy DXA scanner (GE Healthcare Inc., Wisconsin, USA) was used 
to measure BMC (g), fat mass (g) and lean mass (g). The lumbar spine (LS, L1-
L4) and bilateral proximal femora scans were used to assess BMC. All DXA 
scans and subsequent in-software analyses were completed by the same 
researcher using the same Lunar Prodigy DXA scanner and the enCORE 
software version 14.10.022 (GE Healthcare Inc, Wisconsin, USA) and following 
the International Society of Clinical Densitometry guidelines (Crabtree et al., 
2014). The coefficient of variation was not determined in the present study, but 
previous paediatric studies have shown that the DXA percentage coefficient of 
variation (CV) was between 0.64 % and 1.16 % at femoral neck and lumbar 
spine regions (Shepherd et al., 2011) . 
The hip geometry estimates of the femoral neck were obtained and the 
following variables used: 1) the cross sectional area (CSA, mm2), which is the 
total bone surface area of the hip excluding the soft tissue area and the 
trabecular bone; 2) the cross-sectional moment of inertia (CSMI, mm4), which is 
an index of structural rigidity and reflects the distribution of mass in the centre of 
a structural element; and 3) section modulus (Z, mm3), which is an indicator of 
maximum bending strength in a cross section. The CVs of these variables 
previously found to be between 7.9 % and 11.7 % (Khoo et al., 2005). 
TBS is a DXA based technological tool that provides an indirect textural index of 
trabecular microarchitecture in the lumbar spine and has been shown to 
significantly predict fracture risk independent of BMC (Hans et al., 2011a). TBS 
assesses DXA images of the lumbar spine scans using a grey-level analysis as 
the slope at the origin of the log-log representation of the experimental 
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variogram (Pothuaud et al., 2009). All TBS analyses were performed by the 
same trained researcher using the TBS iNsight Software (Medimaps, research 
version 3.0, Pessac, France). The calculation was performed at the lumbar 
spine region of interest as in the BMC measurement. The CVs of TBS in 
relation to BMC has been reported to be 1.1 % to 1.9 % (Silva et al., 2014).  
Capillary blood samples were collected in the morning of non-training weekends 
using heparin fluoride coated microvettes (CB 300 tubes, Sarstedt Ltd, 
Leicester, UK) and centrifuged at 3000 rpm for 15 minutes at 4°C. Serum 
samples were stored at -80°C until later analysis. Total serum levels of PINP, 
CTX-I, 25(OH)D and total calcium were analysed following guidelines 
(Vasikaran et al., 2011). ELISA kits (Abbexa Ltd., Cambridge, UK) for PINP 
(test range: 6-400 pg∙mL-1, sensitivity: 1.2 pg∙mL-1, inter and intra-assay CVs: 
8.6 % and 9.1 % respectively), CTX-I (test range: 0.1-7.0 ng∙mL-1, sensitivity: 
0.03 ng∙mL-1, inter and intra-assay CVs: 8.3 % and 9.2 % respectively), and 
25(OH)D (test range: 3-80 ng∙mL-1, sensitivity: 1.2 ng∙mL-1, inter and intra-assay 
CVs: 6.4 % and 8.0 % respectively) were used. Total calcium serum was 
measured using direct colorimetric assay (Cayman Chemical Company, MI, 
U.S.A.) and had a sensitivity of 0.25 mg∙dL-1 and the absorbance was read at 
570-590 nm (inter and intra-assay CVs: 7.9 % and 9.0 % respectively). 
9.3.4 Other measures 
Height (cm) and body mass (kg) were measured by using a stadiometer 
(Harpenden, Holtain Ltd, Crymych, UK) and an electronic scale (Seca 877, 
Seca Ltd, Birmingham, UK), respectively. Somatic maturity status was 
assessed using predicted age at peak height velocity (PHV) which is a somatic 
biological maturity indicator and reflects the maximum growth velocity during 
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adolescence. The age at PHV was predicted using age and height in validated 
algorithm showing how far an individual is from this maturity milestone (years 
from age at PHV). The coefficient of determination has been reported (R2 = 0.90; 
standard error = 0.5) (Moore et al., 2015). 
Physical activity was measured for seven consecutive days at pre- and post-
intervention using wrist accelerometers (GENEA, Cambridgeshire, UK). The 
validity and reliability of the accelerometer has been established previously in 
children and adolescents (Phillips et al., 2013). Data were collected at 100 Hz 
and analysed at 1 s epoch intervals to establish time spent in MVPA using a 
validated cut-point (Phillips et al., 2013). Weekly training hours were obtained 
by face to face interviews at pre- and post-intervention.  
9.3.5 Statistical analyses 
Statistical analyses were performed using the SPSS version 21.0 for Windows 
(IBM Corp, New York, USA). Data were checked for normality and presented as 
mean and standard deviation (SD). Data were analysed for each sport group 
separately using: 1) paired t-tests to detect the differences in characteristics and 
blood markers between pre- and post-intervention visits, and 2) after controlling 
for baseline bone status, change in lean mass and post maturity status (years 
from PHV), a one-way analysis of covariance (ANCOVA) with Bonferroni post 
hoc to detect differences between the intervention and the non-intervention 
groups in 9-month adjusted gains (Δ BMC, Δ HSA and Δ TBS). The selection of 
the covariates was based on relevant predictors of bone outcomes in 
adolescents (Jackowski et al., 2011a, Wilkinson et al., 2017, Vlachopoulos et al., 
2017d, Ubago-Guisado et al., 2017). Percentages of difference between the 
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intervention and non-intervention groups were used to quantify the magnitude of 
the differences in adjusted bone outcome gains. Significance was set at p<0.05. 
9.4 Results 
9.4.1 Cohort characteristics 
Table 9.1 shows the mean total compliance of the intervention. Table 9.2 
presents the descriptive characteristics of the participants pre- and post-
intervention. In all INT groups, all variables significantly increased from pre- to 
post-intervention, except fat mass in INT-CYC and MVPA in all groups. Similarly, 
all variables significantly increased from pre to post in CON-SWI, CON-FOO 
and CON-CYC except MVPA and fat mass. 
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Table 9.2. Characteristics of the sports groups and the control group before (PRE) and after (POST) the 9-month intervention programme 
 SWIMMERS FOOTBALLERS CYCLISTS 
TOTAL 
(N=93) 
INTERVENTION 
(N=19) 
CONTROL 
(N=18) 
INTERVENTION 
(N=15) 
CONTROL 
(N=15) 
INTERVENTION 
(N=14) 
CONTROL 
(N=12) 
 
PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  
Age 
(years) 
14.5 ± 
0.9 
15.3 ± 
0.9 
14.7 ± 
1.1 
15.4 ± 
1.1 
13.8 ± 
1.0 
14.6 ± 
1.0 
13.7 ± 
0.8 
14.5 ± 
0.8 
14.1 ± 
1.1 
14.9 ± 
1.1 
14.1 ± 
0.9 
14.9 ± 
0.9 
Height  
(cm) 
170.3 ± 
10.0 
174.1 ± 
9.6 
172.8 ±  
7.6 
176.0 ± 
6.9 
160.5 ± 
11.0 
165.4 ± 
11.1 
163.3 ± 
9.3 
168.9 ± 
9.1 
168.2 ± 
10.7 
174.5 ± 
8.2 
162.7  ± 
9.7 
166.4 ±  
9.6 
Body mass 
(kg) 
57.2 ± 
9.0 
62.6 ± 
7.8 
60.6 ± 
7.2 
63.6 ± 
7.7 
49.3 ± 
10.8 
54.8 ± 
11.6 
49.6 ± 
7.4 
55.4 ± 
7.1 
57.7 ± 
13.0 
62.6 ± 
12.2 
51.0 ± 
12.4 
55.2 ±  
13.9 
Lean mass 
(kg) 
46.7 ± 
9.4 
51.2 ± 
8.5 
48.7 ± 
8.2 
51.9 ± 
6.7 
41.5 ± 
10.0 
46.1 ± 
10.5 
39.6 ± 
7.4 
44.9 ± 
7.2 
45.0 ± 
7.9 
49.5 ± 
7.6 
40.3 ± 
8.6 
44.0 ± 
9.2 
Fat mass 
(kg) 
7.6 ± 
3.1 
8.5 ± 
2.9 
8.2 ± 
3.4 
8.7 ± 
3.8 
5.4 ± 
2.2 
6.1 ± 
2.3 
7.1 ± 
2.3 
7.6 ± 
3.5 
9.9 ± 
9.7 
10.0 ± 
9.7 
8.1 ± 
5.5 
8.3 ± 
6.5 
PHV 
(years) 
1.0 ±  
1.0 
1.7 ±  
1.0 
1.2 ±  
1.0 
1.8 ±  
0.9 
0.0 ±  
1.0 
0.7 ±  
1.0 
0.1 ±  
0.8 
0.9 ±  
0.8 
0.7 ±  
1.1 
1.4 ±  
1.0 
0.3 ±  
0.9 
1.0 ± 
1.0 
MVPA 
(min/day) 
61.3 ± 
19.6 
67.5 ± 
19.6 
59.6 ± 
25.2 
60.0 ± 
18.1 
97.7 ± 
18.8 
83.3 ± 
18.5 
89.6 ± 
33.5 
76.3 ± 
22.4 
85.6 ± 
22.1 
93.9 ± 
15.7 
88.9 ± 
21.8 
78.7 ±  
13.4 
Training 
volume 
(hrs/week) 
7.9 
± 3.6 
11.8 ± 
5.4 
10.2 ±  
3.1 
12.9 ± 
5.4 
10.2 ±  
1.2 
12.0 ±  
2.8 
8.8 ±  
2.0 
10.7 ± 
1.8 
5.3 ±  
2.0 
7.9 ±  
3.8 
5.3 ±  
1.6 
8.2 ±  
2.8 
Values are mean ± standard deviation. Bold values indicate significant higher values between PRE and POST, p<0.05. MVPA: Moderate to vigorous 
physical activity; PHV: peak height velocity. 
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9.4.2 Bone quantity, geometry and texture  
Table 9.3 shows the 9-month adjusted changes in bone outcomes for lumbar 
spine and femoral neck. Figures 9.2 and 9.3 show the percentage of difference 
on adjusted bone outcomes gains between the groups INT-CYC gained 
significantly higher lumbar spine BMC (4.6 %) and femoral neck BMC (9.8 %) 
than CON-CYC. Also, INT-CYC gained significantly higher CSA (11.0 %), CSMI 
(10.1 %) and TBS (4.4 %) than CON-CYC. INT-SWI gained significantly higher 
femoral neck BMC (6.0 %) and CSMI (10.9 %) than CON-SWI. There were no 
significant differences between INT-FOO and CON-FOO for any of the bone 
outcomes. 
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Figure 9.2. Nine-month adjusted changes in Bone Mineral Content (BMC), Hip Structural 
Analysis (HSA) parameters and Trabecular Bone Score. Results were adjusted for baseline 
bone outcomes, changes in lean mass and post peak height velocity. * denotes significant 
differences compared to the sport specific control group, p<0.05. 
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Table 9.3. PRE and 9-month adjusted change in bone mineral content (BMC, g) hip structural analysis parameters and trabecular bone score of the intervention 
and control groups 
TOTAL 
(N=93) 
SWIMMERS FOOTBALLERS CYCLISTS 
INTERVENTION 
(N=19) 
CONTRO
L 
(N=18) 
INTERVENTION 
(N=15) 
CONTROL 
(N=15) 
INTERVENTION 
(N=19) 
CONTROL 
(N=18) 
PRE 
9-month 
adjusted 
change Δ  
(95% CI) 
PRE 
9-month 
adjusted 
change Δ  
(95% CI) 
PRE 
9-month 
adjusted 
change Δ  
(95% CI) 
PRE 
9-month 
adjusted 
change Δ  
(95% CI) 
PRE 
9-month 
adjusted 
change Δ  
(95% CI) 
PRE 
9-month 
adjusted 
change Δ  
(95% CI) 
Lumbar 
Spine BMC 
50.8 ± 
11.0 
7.8 
(6.7-8.8) 
51.9 ± 
12.4 
6.9 
(5.8-8.0) 
46.2 ± 
14.4 
9.2 
(8.0-10.3) 
47.5 ± 
11.1 
7.8 
(6.6-9.0) 
48.0 ± 
12.8 
8.5 
(7.3-9.7) 
41.9 ± 
12.4 
5.7 
(4.4-7.0) 
Femoral 
Neck BMC 
5.0 ± 
0.7 
0.6 
(0.4-0.7) 
5.0 ± 
0.9 
0.3 
(0.2-0.4) 
5.1 ± 
1.0 
0.6 
(0.5-0.8) 
5.2 ± 
0.8 
0.5 
(0.3-0.6) 
5.0 ± 
0.9 
0.6 
(0.5-0.8) 
4.5 ± 
0.9 
0.1 
(-0.1-0.3) 
CSA 
155.7 ± 
23.3 
20.9 
(15.5-26.3) 
149.3 ± 
27.5 
9.4 
(3.9-14.9) 
157.7 
± 
26.8 
25.2 
(18.9-31.5) 
159.3 
± 
23.5 
20.0 
(13.7-26.3) 
154.2 
± 
27.2 
23.1 
(16.9-29.3) 
140.0 
± 
25.7 
5.6 
(-1.1-12.3) 
CSMI 
11106 ± 
3592 
2678 
(2238-3119) 
11349 ± 
3565 
1500 
(1035-1965) 
10893 
± 
3988 
2813 
(2309-3316) 
10998 
± 
3492 
2402 
(1901-2903) 
11220 
± 
3715 
2668 
(2167-3169) 
8840 ± 
2917 
1214 
(665-1764) 
Section 
Modulus 
655.8 ± 
152.5 
125.5 
(90.2-160.8) 
673.2 ± 
168.5 
89.3 
(52.0-126.5) 
655.3 
± 
176.1 
161.1 
(120.6-
201.6) 
666.4 
± 
184.8 
122.1 
(81.5-162.6) 
658.7 
± 
161.2 
117.7 
(77.7-157.7) 
557.1 
± 
139.4 
48.8 
(4.8-92.7) 
Trabecular 
bone score 
1.390 ± 
0.058 
0.102 
(0.078-
0.125) 
1.370 ± 
0.072 
0.054 
(0.029-
0.080) 
1.429 
± 
0.075 
0.122 
(0.084-
0.141) 
1.404 
± 
0.050 
0.113 
(0.095-
0.148) 
1.364 
± 
0.073 
0.103 
(0.075-
0.129) 
1.348 
± 
0.081 
0.042 
(0.012-
0.071) 
Raw values at PRE are mean ± standard deviation. Values at 9-month were adjusted for pre bone values, change in lean mass and post peak height velocity, and 
presented as mean and 95% CI. BMC: Bone mineral content. Bold values denote significant higher gains compared to the sport specific control group, p<0.05.  
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9.4.3 Bone turnover and nutrition markers 
The biochemical markers of the participants pre- and post-intervention are 
presented in Table 9.4. Bone formation, as measured by PINP, was reduced in 
all CON sport groups (4.4 % in SWI, 3.3% in FOO and 4.2% in CYC). 
Interestingly, bone formation did not decline in INT-SWI and INT-CYC but it 
slightly did in INT-FOO (1.8 %).Bone resorption, as measured by CTX-I, was 
reduced by 3.8% in CON-SWI and CON-CYC. However, bone resorption did 
not vary in any of the INT groups or in CON-FOO. 25(OH)D significantly 
increased in INT-CYC (3.1 %), CON-CYC (3.7 %), INT-FOO (3.1 %) and CON-
FOO (3.5 %), but not in INT-SWI and CON-SWI. In all groups serum calcium 
significantly increased from pre- to post-intervention. 
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Table 9.4. Biochemical markers of the of the intervention and control groups before (PRE) and after (POST) the 9-month intervention 
programme 
TOTAL 
(N=93) 
 
SWIMMERS FOOTBALLERS CYCLISTS 
INTERVENTION 
(N=19) 
CONTROL 
(N=18) 
INTERVENTION 
(N=15) 
CONTROL 
(N=15) 
INTERVENTION 
(N=14) 
CONTROL 
(N=12) 
PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  
PINP 
(pg/ml) 
338.06 
± 19.88 
335.87 ± 
12.39 
335.33 ± 
15.02 
320.77 ± 
10.54 
342.01 ± 
16.98 
336.09 ± 
11.27 
346.54 
± 18.62 
335.13 ± 
11.34 
327.50 ± 
10.58 
326.44  
± 9.18 
324.94 ± 
17.45 
311.51 ± 
8.88 
CTX-I 
(ng/ml) 
1.81 ± 
0.21 
1.80 ± 
0.19 
1.87 ± 
0.10 
1.77 ± 
0.06 
1.89 ± 
0.09 
1.88 ± 
0.08 
1.89 ± 
0.08 
1.88 ± 
0.08 
1.87 
±0.10 
1.86 ± 
0.09 
1.86 ± 
0.08 
1.79 ± 
0.06 
25 (OH) D 
(ng/ml) 
13.25 ± 
0.83 
13.33 ± 
0.93 
13.46 ± 
0.88 
13.53 ± 
0.94 
15.45 ± 
1.16 
15.73 ± 
1.15 
14.78 ± 
1.19 
15.41 ± 
1.33 
15.13 ± 
1.12 
15.61 ± 
1.05 
14.75 ± 
1.08 
15.48 ± 
1.26 
Serum 
calcium 
(mg/dl) 
9.87 ± 
0.38 
10.39 ± 
0.18 
9.96 ± 
0.65 
10.41 ± 
0.23 
9.86 ± 
0.42 
10.25 ± 
0.27 
10.01 ± 
0.40 
10.28 ± 
0.27 
9.96 
±0.29 
10.21 ± 
0.24 
9.84 ± 
0.34 
10.23 ± 
0.23 
Values are mean ± standard deviation. 25 (OH) D: 25-hydroxyvitamin D, CTX-I: Carboxi-terminal telopeptide of type 1 collagen, PINP: N-
terminal propeptide of procollagen type I. Bold values indicate significant higher values between PRE and POST, p<0.05. 
 
  
 247 
 
9.5 Discussion 
This is the first study to examine the effect of jumping intervention on BMC at 
clinically relevant sites, hip geometry estimates, TBS and bone turnover 
markers in adolescent male athletes involved in in osteogenic (football) and 
non-osteogenic sports (swimming and cycling). The findings demonstrate that a 
9-month progressive jumping intervention programme can significantly improve 
BMC, HSA and TBS bone outcomes at the clinically relevant skeletal sites of 
lumbar spine and femoral neck in non-osteogenic sport athletes, such as 
swimmers and cyclists, but not in the osteogenic sport athletes, such as 
footballers. In addition, bone formation (PINP) was maintained in the non-
osteogenic INT sport groups while decreased in the CON non-osteogenic sport 
groups. Moreover, bone resorption (CTX-I) significantly decreased in the CON 
non-osteogenic sport groups but did not vary in any of the INT groups, 
suggesting an increased bone turnover in these groups.  
9.5.1 PRO-BONE jumping intervention effects on BMC gains at clinical 
sites 
Currently, there are no jumping intervention studies conducted in an athletic 
population to improve bone outcomes, therefore the findings of the present 
study were compared with jumping interventions applied in non-athletic children 
and adolescents (Weeks et al., 2008, McKay et al., 2005b, MacKelvie et al., 
2002b, Fuchs et al., 2001). The present jumping intervention significantly 
improved femoral neck BMC (6.0 – 9.8 %) in INT-SWI and INT-CYC compared 
to CON-SWI and CON-CYC, and lumbar spine BMC (4.6) % in INT-CYC 
compared to CON-CYC. Previously, an 8-month school-based jumping 
intervention reported that non-athletic adolescent males and females gained 
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6.0 % higher femoral neck BMC and 2.3 % higher lumbar spine BMC compared 
to controls (Weeks et al., 2008). Also, a 7-month school-based jumping 
intervention reported that non-athletic prepubescent children had 4.5 % and 3.1 % 
significantly higher gains at femoral neck and lumbar spine BMC respectively 
compared to age-matched controls (Fuchs et al., 2001). The greater magnitude 
of improvements observed in swimmers and cyclists in the current study may be 
explained by the ability of the previously unloaded skeletons of the non-
osteogenic groups to respond better to the external stimulus of the jumping 
intervention (Maimoun et al., 2013b, Nikander et al., 2005). Another explanation 
might be the longer duration of the present intervention (9 months vs 7-8 
months) and the greater number of jumps performed in the present study (160 
vs 90 jumps per week) (McKay et al., 2005b) by increasing the ground reaction 
forces applied to the skeleton progressively using the weight vests. These 
improvements may indicate a window of opportunity to counteract the lack of 
osteogenic stimulus observed in adolescent swimmers and cyclists (Gomez-
Bruton et al., 2016a, Olmedillas et al., 2012, Vlachopoulos et al., 2017c).  In 
contrast, but consistent with our hypothesis, the stimulus provided by the 
jumping intervention was not enough to induce significant bone gains in INT-
FOO compared to CON-FOO. This is in accordance with the mechanostat 
theory indicating that the bones adapt their strength and content to respond to 
the strain caused by external physiological loads up to a certain point 
(Schoenau, 2005, Ireland et al., 2014). Footballers may have reached a 
threshold for bone improvements as we have previously shown to have greater 
bone outcomes compared to swimmers and cyclists (Vlachopoulos et al., 
2017c). However, a longer duration jumping intervention programme may be 
needed to improve further bone outcomes in osteogenic sports, such as football.  
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9.5.2 PRO-BONE jumping intervention effects on HSA and TBS gains 
In addition to BMC adaptations, the present 9-month jumping intervention 
significantly improved HSA and TBS bone parameters. More specifically, INT-
CYC gained significantly higher CSA (11.0 %), CSMI (10.1 %) and TBS (4.4 %) 
compared to CON-CYC, and INT-SWI gained significantly higher CSMI (10.9 %) 
compared to CON-SWI. Previously, only two studies previously used HSA to 
describe bone geometry and structural strength adaptations from a jumping 
intervention in non-athletic populations (Petit et al., 2002, McKay et al., 2005b). 
Petit et al (Petit et al., 2002) reported that a 7-month jumping intervention 
induced significantly greater increase in CSA (2.3 %) and section modulus 
(4.0 %) in the intervention group compared to an age-matched non-athletic 
control group. McKay et al (McKay et al., 2005b) did not find significant 
improvements in HSA parameters after an 8-month jumping intervention in non-
athletic pubertal children, but section modulus (3.3 %) and CSA (2.0 %) had 
similar magnitude of increase with the study of Petit et al. In the present study, 
the greater improvements in bone outcomes of swimmers and cyclists 
compared to footballers may be explained by mechanoadaptation that converts 
the external stimulus of the jumping intervention to greater structural 
adaptations of previously unloaded bones (Scott et al., 2008). The present 
study is the first to present findings on TBS adaptations after a jumping 
intervention in adolescent athletes. Currently, there are no jumping intervention 
studies using TBS and only a recent cross-sectional study in adults reported 
that moderate impact loading sports was associated with a lower TBS score 
and increased fracture risk compared to high impact loading sports (Heinio et al., 
2015). The present study indicates that trabecular structure at the lumbar spine 
may be adapted to the forces produced from the jumping intervention after 
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controlling for potential confounders (Shawwa et al., 2016). The compliance in 
the present study was a bit lower compared to other studies (70% vs 80-90%) 
(MacKelvie et al., 2002b, Fuchs et al., 2001, Gunter et al., 2008a) and this 
might be due to the longer duration of the present intervention (9 months vs 7-8 
months) (Weeks et al., 2008, MacKelvie et al., 2002b).  However, the present 
jumping intervention had 1-2 months greater duration and progressive loading 
compared to previous studies, which might be responsible for the higher gains 
observed. The latter is in accordance with a 20-month exercise randomized 
control trial in prepubertal non-athletic males that found greater magnitude of 
improvements in CSMI (12.3 %) and section modulus (7.4 %) in the intervention 
group compared to age-matched controls (MacKelvie et al., 2004). 
9.5.3 PRO-BONE jumping intervention effects on biochemical markers 
The analysis of biochemical markers in the present study showed that the 
jumping intervention prevented the significant decline of bone formation (PINP) 
and resorption (CTX-I) markers in INT-SWI and INT-CYC. In contrast, bone 
formation significantly decreased in INT-FOO and all CON-SPORT groups, and 
bone resorption significantly decreased in CON-SWI and CON-CYC. Previous 
studies have shown that bone turnover markers are associated with bone 
outcomes during growth and can provide important information about bone 
remodelling (Gracia-Marco et al., 2010, Gracia-Marco et al., 2011b). In addition, 
the intensity of physical activity and the type of sports practised may be potent 
regulators of bone remodelling (Vlachopoulos et al., 2017a, Kambas et al., 
2016). Recently, a study has shown that one session of plyometric jumping 
exercises can stimulate bone formation in in boys and young men, with boy’s 
response to be more pronounced (Kish et al., 2015). However, there are no 
studies investigating the response of bone turnover markers after a longer 
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jumping intervention in combination with clinically relevant bone outcomes. The 
findings of the present study suggest that the cellular activity of bone turnover 
markers (both formation and resorption) in INT-SWI and INT-CYC was 
protected from declining due to the jumping intervention. In addition, serum 
calcium significantly increased from pre- to post-intervention, and 25(OH)D 
significantly increased in INT-CYC, CON-CYC, INT-FOO and CON-FOO, but 
not in INT-SWI and CON-SWI. There is an expected increase in serum calcium 
levels by age in adolescents (Norman et al., 2011), and the significant increase 
of 25(OH)D in cyclists and footballers might be explained by the higher 
exposure to sunlight during training in these sports, although other parameters 
such as dietary intake and the sampling period have been reported to affect 
25(OH)D levels (Ackerman et al., 2011). 
9.5.4 Strengths and limitations 
The strengths of the present study include the evaluation for first time of a novel 
9-month progressive jumping intervention programme in adolescent athletes 
participating in osteogenic and non-osteogenic sports. In addition, the 
combination of DXA, HSA, TBS and biochemical markers can provide novel and 
clinically relevant findings regarding the bone changes induced from a jumping 
intervention programme in adolescent male athletes. The low cost and relative 
ease jumping programme for young athletes represent another strength, and 
almost any sport club could implement the programme with minimal training for 
the coach and the athlete. In this study genetic information was not obtained 
and this may play a role on bone adaptations from the intervention, representing 
an area for further research.  
9.6 Conclusions 
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This is the first randomized control trial to investigate the effects of a 9-month 
progressive jumping intervention programme on bone mass, geometry, texture 
and biochemical markers in adolescent male athletes. The findings indicate that 
the jumping intervention programme can significantly improve bone quantity, 
geometry and TBS bone outcomes at the femoral neck and lumbar spine, and 
maintain the bone turnover in adolescent male athletes involved in swimming 
and cycling, but not in football. The present jumping intervention programme 
can be implemented by non-osteogenic sports clubs and athletes to improve 
bone health. 
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10. Summary of findings, practical implications and 
future directions 
 
The purpose of this thesis was to investigate differences in bone outcomes in 
adolescent males participating in osteogenic (football) and non-osteogenic 
(swimming and cycling) sports using cross-sectional (Chapter4) and longitudinal 
(Chapters 6 and 7) research designs. Also, the thesis aimed to identify the 
determinants affecting bone outcomes (Chapter 5) as well as to investigate the 
effectiveness of a 9-montth jumping intervention programme to improve bone 
development in adolescent male footballers, swimmers and cyclists (Chapters 8 
and 9). This chapter aims to summarise, synthesize, discuss and highlight the 
practical implications of the findings of this thesis. In addition, the thesis 
limitations are highlighted and future research directions are provided. 
 
10.1 Summary of experimental chapters 
10.1.1 Chapter 4 
Chapter 4 examined bone mass and geometry in adolescent males who were 
involved in football, swimming and cycling for 3 or more hours per week for the 
last 3 or more years in comparison with an active control group. Findings from 
this study showed that footballers had significantly higher BMD at total body 
less head, total hip and legs compared to all groups (7-21%). In addition, 
footballers had significantly higher bone geometry estimates (8-21%) and bone 
stiffness (10-20%) compared to all groups. This is the first study to compare 
bone outcomes between adolescent males involved in osteogenic and non-
osteogenic sports. These findings indicate that the bone status of adolescent 
male footballers is significantly better than swimmers, cyclists and controls.  
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10.1.2 Chapter 5 
Chapter 5 aimed to identify the determinants of bone outcomes, as there was 
no previous evidence assessing the contribution of different factors affecting 
bone status of male adolescent athletes. The study examined the contribution of 
the sports practised, height, lean and fat mass, serum calcium and vitamin D, 
MVPA, vertical jump and CRF with aBMD and hip geometry estimates using 
multiple linear regressions. The results of this study showed that region specific 
lean mass was the strongest positive predictor of aBMD (β=0.614-0.931) and 
football participation was the next strongest predictor (β=0.304-0.579). In 
addition, height (β=0.235-0.380), fat mass (β=0.189), serum calcium (β=0.103), 
serum vitamin D (β=0.104-0.139) and vertical jump (β=0.146-0.203) were 
positively associated with aBMD across various specific sites. Similarly, hip 
geometry estimates were positively associated with lean mass (β =0.370-0.568) 
and height (β=0.338-0.430). Football participation was associated with CSA (β 
=0.322) and CSMI (β=0.140-0.142). CRF (β=0.183-0.207) was associated with 
Z and CSMI. The findings of this study indicate that region specific lean mass is 
the strongest determinant of aBMD and hip geometry estimates in adolescent 
male athletes, followed by football participation and height while the contribution 
of the other predictors was site specific. 
10.1.3 Chapter 6 
There are a lack of longitudinal studies comparing the effects of osteogenic and 
non-osteogenic sports on bone quantity and quality in adolescent athletes. 
Therefore, Chapter 6 assessed the effect of 12-month participation in 
adolescent males engaged in football, swimming and cycling on bone 
development in comparison to an active control group. Bone outcomes at 12 
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months were assessed after adjustments for baseline bone status, age, height, 
lean mass and MVPA. Footballers had higher improvements in adjusted BMC at 
the total body, total hip, shaft, Ward’s triangle, legs and bone stiffness 
compared to cyclists (6.3 to 8.0 %). Footballers had significantly higher adjusted 
BMC at total body, shaft and legs compared to swimmers (5.4 to 5.6 %). There 
were no significant differences between swimmers and cyclists for any bone 
outcomes. Swimming and cycling participation resulted in non-significant lower 
bone development at most sites of the skeleton compared to controls (-4.3 to -
0.6 %). The results of this study suggest that football participation induces 
significantly greater improvements in BMC and bone stiffness over 12 months 
compared to non-osteogenic sports and controls. 
 
10.1.4 Chapter 7 
Chapter 7 aimed to examine changes in bone mass, hip geometry and lumbar 
spine texture after 1 year of training among adolescent males involved in 
osteogenic (football) and non-osteogenic sports (swimming and cycling) and 
compared to active controls. A second aim was to assess the biochemical 
markers of bone metabolism and nutrition. Bone outcomes were adjusted for 
baseline bone status, age, height, lean mass and MVPA and showed that 
footballers had significantly higher adjusted BMC at the lumbar spine (7.0 %) 
and femoral neck (5.0 %) compared to cyclists, and significantly greater BMC at 
the lumbar spine (6.9 %) compared to swimmers. Footballers presented 
significantly greater TBS (4.3%) compared to swimmers, and greater CSMI 
(10.2 %), CSA (7.1 %), Z (8.9 %) and TBS (4.2 %) compared to cyclists. There 
were no differences between cyclists and swimmers, and both groups had 
similar bone status compared to controls. In addition to bone outcomes, PINP 
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was significantly higher in footballers and controls compared to cyclists and 
swimmers (3.3-6.0 %) and 25(OH)D was significantly higher in footballers and 
cyclists compared to swimmers and controls (9.9-13.1 %). Collectively, these 
findings suggest that bone mass and geometry is higher in adolescent male 
footballers compared to swimmers and cyclists at the femoral neck and lumbar 
spine sites of the skeleton. Bone formation was lower in cyclists and swimmers 
compared to footballers and the active control group, but further investigation on 
the index of bone remodelling is needed to understand the individual biomarker 
changes by examining the whole turnover result. 
 
10.1.5 Chapter 8 
Cross-sectional and longitudinal evidence from Chapters 4, 6 and 7 
demonstrate that bone status and development is significantly different in 
adolescent males involved in osteogenic and non-osteogenic sports. Therefore, 
Chapter 8 aimed to examine, for first time, the effect of a 9-month jumping 
intervention programme on bone and fitness outcomes in adolescent male 
athletes. A total of 93 adolescent male athletes (37 swimmers, 30 footballers 
and 26 cyclists) were randomly allocated to intervention (INT) and sport (INT-
SWI=19, INT-FOO=15, INT-CYC=14) or sport only (CON-SWI =18, CON-FOO 
=15, CON-CYC =12) groups. Findings showed that INT-SWI had significantly 
higher gains in BMC legs and bone stiffness compared to CON-SWI (4.2-12.7 
%). INT-CYC had significantly higher gains in BMC at TBLH and legs and bone 
stiffness compared to CON-CYC (5.0-12.3 %). There were no significant 
differences between INT-FOO and CON-FOO in bone gains (0.9-3.9 %). INT-
SWI, INT-CYC and INT-FOO significantly improved fitness outcomes (3.7-7.9 
%) and CON-FOO significantly improved CMJ (4.0 %). These novel findings 
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show that a 9-month jumping intervention can improve bone outcomes only in 
male adolescents participating in SWI and CYC, but not in FOO, while 
improvements in fitness were observed in all groups.  
 
10.1.6 Chapter 9 
Chapter 9 examined the effects of a 9-month jumping intervention on bone 
mass, geometry and texture at femoral neck and lumbar spine, and bone 
turnover and nutritional markers in adolescent male athletes. The results 
showed that INT-CYC gained significantly higher CSA (11.0 %), CSMI (10.1 %) 
and TBS (4.4 %) than CON-CYC. INT-SWI gained significantly higher femoral 
neck BMC (6.0 %) and CSMI (10.9 %) than CON-SWI. There were no 
significant differences between INT-FOO and CON-FOO in any of the bone 
outcomes. PINP significantly decreased in CON-SWI, INT-FOO, CON-FOO and 
CON-CYC. CTX-I significantly decreased in CON-SWI and CON-CYC. 
25(OH)D significantly increased in INT-CYC, CON-CYC, INT-FOO and CON-
FOO. This novel jumping intervention programme improved bone mass, 
geometry and texture at the lumbar spine and femoral neck of adolescent male 
athletes involved in non-osteogenic sports, such as swimming and cycling, but 
not in those involved in osteogenic sports, such as football. Whether the 
positive effects on bone status from the intervention will be maintained after the 
cessation of the intervention requires further longitudinal research.  
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10.2 Synthesis of findings 
10.2.1 Sport participation and bone adaptations  
Collectively, the present thesis investigated how bone development differs 
among adolescent males involved in osteogenic and non-osteogenic sports and 
how to improve bone development in these sports. In an attempt to combine 
cross-sectional, longitudinal and RCT data, Figure 10.1 was designed to show 
bone development in each group (sport-intervention, sport only and control) 
over the 21 months (12 months follow-up + 9 months intervention). Results 
show that TBLH BMC was higher in footballers at baseline compared to all the 
other groups after adjusting for lean mass and PHV. The higher BMC in 
footballers remained and increased at month 12, while there were no 
differences between the other groups at baseline and month 12. At month 21, 
swimmers and cyclists who performed the 9-month jumping intervention notably 
improved BMC compared to sport only swimmers and cyclists and controls, but 
the intervention did not augment bone status in footballers. The differences in 
BMC between the groups at baseline and 12-monhts can be explained the 
weight-bearing characteristics of football that stimulate higher bone adaptations 
on the skeleton due to the greater ground reaction forces applied on the 
skeleton during football participation (McKay et al., 2005a, Plaza-Carmona et 
al., 2014). In addition, the improvements observed in swimmers and cyclists 
who performed the intervention indicate that the BMC of non-osteogenic sports 
athletes can be improved if stimulated adequately via a jumping programme. 
These summarised findings indicate that the bone development is different 
between the osteogenic and non-osteogenic sports practised during 
adolescence and that a jumping intervention programme can improve bone 
development in non-osteogenic sports athletes.  
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Figure 10.1. Changes in adjusted TBLH BMC during the studied period in all groups. Values 
were adjusted for lean mass and peak height velocity at each time point. 
 
Previous research in prepubescent boys found that footballers had non-
significant but higher bone outcomes compared to active controls after 10 
months of training (Zouch et al., 2008). These results are in line with the 
findings of Chapters 6 and 7 showing that footballers had higher but not 
significant bone outcomes compared to active controls after 12 months. It 
should be noted that in the present thesis the control group was physically 
active (MVPA= 64 min/day) and some controls engaged in other weight-bearing 
sports (< 3 hours per week) which might explain the non-significant difference 
compared to footballers. Findings in hip geometry estimates of female 
footballers and swimmers showed that 8 months of training in their respective 
sports induced a significant increase in CSA of the narrow neck in footballers 
compared to swimmers (Ferry et al., 2013). A possible explanation is that 
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swimming has non-gravitational training characteristics and despite swimmers 
having augmented lean mass it was not enough to produce bone adaptations 
after 12-months of training (Maimoun et al., 2013b).  
 
According to the “Functional Muscle-Bone-Unit” the largest physiological loads 
are caused by muscle contractions, which might be increased in highly active 
adolescents due to the greater muscle forces produced during participation in 
activities (Rauch et al., 2004). Football training and competition requires 
increased muscle activation (Seabra et al., 2012, Nebigh et al., 2009) and lean 
mass has been strongly associated with BMC and hip geometry estimates 
throughout puberty (Jackowski et al., 2014, Baptista et al., 2012, Wilkinson et 
al., 2017, Gracia-Marco et al., 2012). The movement characteristics of football 
include mechanical forces applied on the skeleton that are generated either 
through ground impact or muscle contractions (Kohrt et al., 2009). Muscle 
strength and the type of sports practised have been found as predictors of bone 
quality at the distal radius and distal tibia in elite athletes (Schipilow et al., 2013). 
The eccentric component of the movement characteristics involved in football 
has an important role and previous research in children has shown that jumps 
produce ground reaction forces of 3.5 to 5 times body weight of approximately 
500 times body weight per second (McKay et al., 2005a).These training 
characteristics can improve lean mass which can lead to bone adaptations 
(Gracia-Marco, 2016).  
 
The previous differences observed in bone gains among the sports groups 
might be explained by the plyometric exercises, accelerations, breakings and 
changes of direction that are part of the football training and can induce higher 
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bone mass in adolescent athletes despite the reduced lean mass in footballers 
compared to swimmers (Gunter et al., 2008a). In this regard, Larsen et al. found 
that a 10-month programme that included small-sided ball games in children 
improved BMD at the legs and total body compared to controls, and BMD at the 
legs compared to a circuit strength training (Larsen et al., 2016). A 12 year 
follow up study measured BMD 5 times starting from the age of 17 years of age 
in 19 badminton players, 48 ice hockey players and 25 controls (Tervo et al., 
2010). During the active career, badminton players gained significantly more 
BMD compared to ice hockey players at all sites of the skeleton. At the final 
follow-up, badminton players had significantly higher BMD at the femoral neck, 
humerus, lumbar spine, and legs compared to hockey players and controls. It 
should be noted that after reducing or stopping the participation in badminton 
and ice hockey, both groups lost significantly more BMD at the femoral neck 
and lumbar spine compared to the control group. However, the benefits of 
participation in osteogenic sports during adolescent were maintained at the age 
of 29 years. The findings of the previous study indicate that the PBM attained 
might differ based on sports practised. 
 
10.2.2 Determinants affecting bone outcomes 
Chapter 5 indicated that the sports practised, height, lean and fat mass, serum 
calcium and vitamin D, MVPA, vertical jump and CRF explained a significant 
variance of aBMD and hip geometrical estimates at different skeletal sites 
(49.0 %-77.8 %) (Figure 10.2). Previous findings in a non-athletic population 
reporting that a similar model of determinants explained 40%-83 % of the 
variance in BMC in prepubertal girls (Daly et al., 2008), but there was no 
evidence examining the determinants of HSA outcomes in adolescent athletes. 
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The contribution of lean mass as the most important determinant of bone 
outcomes in adolescent athletes might be explained by the mechanostat theory 
that indicates the importance of functional muscle-bone-unit (Schoenau, 2005).  
 
Figure 10.2. Determinants of bone geometry estimates using HAS. Adapted from Chapter 5 
(Vlachopoulos et al., 2017d). 
 
A previous study in non-athletic boys and girls reported that total lean mass was 
the best predictor of total body and lumbar spine aBMD (El Hage et al., 2009). 
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Another study in non-athletic children found that total lean mass was the 
strongest predictor of the aBMD at total body, and lumbar spine (Hrafnkelsson 
et al., 2010). However, the study did not distinguish the site-specific relationship 
of lean and bone mass, which was considered in the present study. It is of great 
interest to understand the region-specific relationship of lean mass and aBMD 
due to the site-specific adaptation of the skeleton during external loading, 
specifically in athletic populations (Baxter-Jones et al., 2008). Despite the lack 
of significant association between region specific lean mass and aBMD at the 
femoral neck and total hip, all the geometrical parameters of the narrow neck of 
the femur were significantly associated with region specific lean mass. This may 
reflect previous work in children and adolescents showing that HSA can provide 
more in depth geometrical evaluation at the hip site compared to BMD 
outcomes (Petit et al., 2005). In addition, studies using pQCT found that muscle 
cross sectional area was the strongest predictor of bone strength parameters in 
early pubertal boys and girls (Macdonald et al., 2006). The latter study 
highlighted the importance of using site specific lean mass to evaluate its 
contribution to hip geometry estimates. 
 
The contribution of football on aBMD was independent of lean mass and is 
likely to be explained by the intermittent and high‐intensity characteristics of 
football that can produce high strains on the skeleton and stimulate bone 
mineral acquisition (Ubago-Guisado et al., 2015a). The concentric contractions 
during football generate greater forces compared to cycling and swimming and 
this might explain the increased skeletal loading in this group (Soderman et al., 
2000). The movement characteristics of the sports practised seems to be 
important for bone acquisition and the present study found that football 
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participation is one of the most important determinants, possibly because it 
includes high intensity concentric contractions that can enhance aBMD in 
adolescents. Regarding the contribution of nutrition on bone outcomes, dietary 
calcium and 25(OH)D can have a weak, but significant contribution on specific 
sites of the skeleton in adolescents (Macdonald et al., 2006). The sites of the 
skeleton, such as arms, are less loaded through sport and nutritional factors 
may have a potential influence. The site specific relationship between nutrition 
and bone outcomes can be attributed to the interactions of nutrients in relation 
to bone health (Ilich and Kerstetter, 2000). In relation to the contribution of 
MVPA and fitness on aBMD, we found that vertical jump height was the only 
significant predictor of aBMD at TBLH and LS. These findings show that overall 
MVPA does not appear to be important once participation in a particular sport is 
considered in the regression model. This suggests the characteristics of the 
sport practised and the contribution of lean mass mediates the relationship 
between fitness and bone outcomes (Vicente-Rodriguez et al., 2008). 
 
10.2.3 Reversing the non-osteogenic effects on bone growth 
Chapters 8 and 9 showed that the non-osteogenic sports such as swimming 
and cycling can benefit from a 9-month jumping intervention programme to 
improve bone development. The present section will synthesize the findings of 
Chapters 8 and 9 by comparing the effects of the intervention on bone 
outcomes between the groups (Figure 10.3). 
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Figure 10.3. Effect of 9-month plyometric intervention programme on Bone Mineral Content 
(BMC, g) and Quantitative Ultrasound (QUS) acquisition. Adjusted percent change on bone 
outcomes between the sport group that performed the intervention and those that continued 
their sport specific trading. Results were adjusted for initial bone outcomes and change in lean 
mass. Superscript letters denote a higher significant difference compared to: a 
(INTERVENTION SWIMMERS), b (CONTROL SWIMMERS), c (INTERVENTION 
FOOTBALLERS), d (CONTROL FOOTBALLERS), e (INTERVENTION CYCLISTS), f 
(CONTROL CYCLISTS), g (CONTROLS). 
a,b,c,d,e,f,g
 p<0.05. 
 
There was a greater difference at TBLH BMC (6.1 %) and bone stiffness 
(11.2 %) in FOO-INT compared to CON, which may be explained by the 
additional ground reaction forces applied on the skeleton due to football 
participation in addition to the intervention effects (McKay et al., 2005a, Plaza-
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Carmona et al., 2014). Although, there are no previous jumping interventions 
focusing on bone outcomes of adolescent athletes, evidence of 7 and 8-month 
school-based jumping intervention studies in non-athletic pubertal children and 
adolescents reported significant improvements on bone outcomes of the 
intervention groups compared to non-athletic controls (MacKelvie et al., 2002b, 
McKay et al., 2005b, Fuchs et al., 2001). In these previous studies, the effect of 
the intervention was greater at the weight-bearing sites of the skeleton, which is 
equivalent with the higher improvements observed at legs BMC in the present 
study and the non-significant bone differences at the arms BMC. The present 
thesis showed that a greater magnitude of bone improvements was found in the 
SWI-INT and CYC-INT, which might be explained by the previously unloaded 
skeleton of swimmers and cyclists (Maimoun et al., 2013b, Nikander et al., 
2005). The non-weight bearing nature of swimming was reported in a 
longitudinal study comparing bone outcomes of female adolescent swimmers 
and footballers, showing that 8-months of sport-specific training can increase 
BMD at total body by 2.9 % in footballers, whereas BMD remained constant or 
non-significantly reduced in swimmers (Ferry et al., 2013). It should be noted 
that the effect of the intervention was greater in SWI-INT and CYC-INT than 
FOO-INT, inducing non-significant higher gains (1.6-8.4 %). This intervention 
might counteract the negative or neutral effects of swimming and cycling on 
bone outcomes (Vlachopoulos et al., 2017c, Gomez-Bruton et al., 2016b, 
Olmedillas et al., 2012), suggesting a window of opportunity for further research 
in adolescent athletes involved in non-osteogenic sports. 
 
10.3 Strengths and limitations  
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The strength of this thesis is the combination of cross-sectional and longitudinal 
investigations to compare, for the first time, the effects of three of the most 
popular sports worldwide in male adolescents on bone development. Also, the 
examination of a jumping intervention programme using a RCT design provides 
unique evidence on how bone development of adolescent athletes can be 
improved with low cost and relative ease applicability for the athletes. The 
combination of the studies conducted is more likely to support cause and effect 
than previously conducted studies on the specific topic. The combination of 
DXA, HSA, TBS and QUS outcomes provides a thorough insight of the 
differences in BMD, BMC, bone geometry, texture and bone stiffness among 
groups. In addition, the assessment of biochemical and nutritional markers 
provides with additional information regarding bone metabolism changes due to 
sport participation. Finally, the rigorous methodology and strong internal validity 
used across the studies to control for potential confounders represents  
advancement within the published literature. 
In cohort studies, a threat to the internal validity of the findings are the 
confounding factors, both measured and unmeasured. Confounding is a 
distortion of the estimated effect of an exposure on an outcome caused by the 
presence of an extraneous factor associated with both the exposure and the 
outcome (Samet et al., 2009). The most likely candidates for potential 
unmeasured confounders in the present study include hormonal factors, such 
as IGF-1, growth hormone, leptin and genetic polymorphisms that affect fat 
mass, lean mass and bone mass (Mitchell et al., 2015). A limitation of the 
intervention studies might be the fact that the non-athletic control group did not 
perform the 9-month jumping protocol, as performed in previous studies. 
However, the scope of the studies was to compare and improve bone status of 
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adolescent athletes, and therefore comparisons were established within groups 
and not between groups. In this regard, each sport had its own control group. 
Bias or misclassification can also affect the validity of the results. Bias is a 
deviation of the results from the truth and information bias is a flaw in measuring 
exposure or outcome data (Samet et al., 2009).  Bias in the measurement of the 
main exposure variable of bone outcomes is unlikely to have occurred because 
the DXA scans were always performed by the same researcher with appropriate 
quality assurance and following theoretical and practical bone densitometry 
training. Selection bias or misclassification of the participants is unlikely due to 
the strict inclusion criteria of the study that verified by parents, coaches and 
teachers. Bias in the collection, answering and recording the answers to the 
questions about the confounding variables used such as dietary intakes, may 
threaten the validity of the studies. It should be noted that pubertal status was 
self-reported by the participants and using stages of sexual development, which 
may induce some bias in adolescents (Koziel and Malina, 2017, Malina and 
Koziel, 2014). Therefore, age and PHV were used as covariates to control for 
pubertal status. Objectively measured data on anthropometry and body 
composition is unlikely to be biased as they were collected at fasted state and 
at the same time of the day in all participants’ visits by trained researches. 
Recall bias in the answering, collection and recording of answers to the 
questions about training hours, fracture incidence and dietary intake may also 
threaten the validity of these results. However, any error of these confounding 
factors is likely to be random. 
Error in objectively physical activity collection of data (underestimation) should 
also be mentioned as accelerometers do not properly measure physical activity 
in cyclists as bouts of activity are not detected (Slootmaker et al., 2009). Also, 
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GENEActiv accelerometers are supposed to be waterproof to assess physical 
activity of swimmers in and out of training, but some of them presented 
technical faults when immersed and therefore physical activity levels may have 
been underestimated. Earlier versions of GENEActiv and Actigraph (GTX2 and 
3) devices were primarily designed to measure general body movement, and 
externally calibrated to energy consumption to be associated with obesity-
related outcomes (Mattocks et al., 2007). Ideally, future studies should isolate 
the intensity and duration of physical activity during and outside of training and 
relate it with bone outcomes across different sports.  
Limitations using the DXA technique relate to its two-dimensional projection 
images. Due to this, DXA cannot determine true vBMD and this is a 
compromise. However, to directly measure vBMD in children, a pQCT scan 
would be needed. Several mathematical formulas to calculate three-
dimensional densities have been developed, for correcting the effect of size and 
the known cylinder shape of human vertebrae (Carter et al., 1992). The BMC of 
a given area is measured, and aBMD is calculated by dividing BMC with area 
(g/cm2). Thus, no consideration is given to the depth or volume of the bone, 
which means that a smaller bone might be falsely interpreted as having a low 
BMD in children (Gordon et al., 2008). However, we adjusted for height and 
body composition in all the studies to remove the differences in size between 
the participants as suggested in the literature (Zemel et al., 2010). 
Measurement errors also occur because of the heterogeneity in soft tissue 
composition in different persons (accuracy error). The precision errors are 
smaller than the accuracy errors because when a person is rescanned, the 
effect of adipose tissue on the measurement is the same. Also, results and 
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radiation dose can differ in children when using different manufacturers of DXA 
scanners (Lee et al., 2004). 
 
10.4 Practical implications and future directions 
The studies conducted can be used by athletes and coaches as discipline 
specific evidence regarding the impact of sports participation and the effect of a 
jumping intervention on bone health in adolescent male athletes. From an 
epidemiological and paediatric bone health perspective the findings should not 
be used in isolation to formulate policies, but they can be part of the evidence to 
update current sports medicine policies and recommendations. Adolescent 
athletes engaged in other osteogenic sports might have similar enhanced bone 
status compared to non-osteogenic sports. Indeed, there is evidence that other 
osteogenic sports, such as basketball and handball can enhance bone status 
compared to participation in non-osteogenic sports (Agostinete et al., 2016, 
Vicente-Rodriguez et al., 2004b). To date, similar findings regarding the 
longitudinal effects of sports on bone status exist for female adolescent athletes 
involved in football, swimming and cycling (Ferry et al., 2013, Sherk et al., 2014, 
Maimoun et al., 2013a), but not in other sports. Regarding the determinants of 
bone outcomes, it would be interesting to expand the determinants evaluated by 
including hormonal levels, such as leptin and IGF-I, and measure functional 
genetic polymorphisms, as well as other variables such as gender, ethnicity and 
pubertal status on larger population engaged in more sporting activities. The 
jumping programme tested in the present thesis can be used (or adapted) in 
future studies aiming to improve bone mass in participants who might be at risk 
of low bone mass. Future RCTs in paediatric population and using techniques 
such as pQCT and markers of bone strength in these populations are needed.  
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10.5 Conclusion 
The present thesis is the first to provide evidence on how different sports affect 
bone status and development, and to examine the effect of an intervention to 
improve bone health in male adolescent athletes. The findings indicate that 
adolescent male footballers have better bone status than swimmers, cyclists 
and controls, and the longitudinal findings show that bone mass and geometry 
is higher in adolescent male footballers compared to swimmers and cyclists 
after one year of sport specific training. Lean mass is the strongest determinant 
of bone outcomes, followed by football participation and height, while the 
contribution of the other predictors is site specific. A 9-month jumping 
intervention programme can improve bone development only in swimmers and 
cyclists, but not in footballers. Given the large number of adolescents involved 
in these sports globally, the present thesis can be used to inform sports science 
and medical professionals and direct future research to improve athletes’ bone 
health during growth.  
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Version 3.  
Date: 01/05/2014 
CHILDREN’S HEALTH AND EXERCISE 
RESEARCH CENTRE 
 
SPORT AND HEALTH SCIENCES 
 
College of Life and Environmental Sciences 
St. Luke’s Campus 
University of Exeter 
Heavitree Road 
Exeter 
EX1 2LU 
United Kingdom 
 
Telephone +44 (0)1392 724721 
Fax            +44 (0)1392 724726 
Email         dv231@exeter.ac.uk 
Web: sshs.exeter.ac.uk/research/centres/cherc 
 
 
Parent/Guardian Information Sheet 
 
Project Title:  Exercise and bone health in adolescents engaged in different sports 
(PRO-BONE) 
 
 
We are asking your child if he would like to join in a research project to help answer 
two questions: 
1- How your child’s bone mass is influenced by the sport he practises? 
2- How complementary jump training might influence his bones? 
  
Before you decide if you want your child to be involved in this study, it is important to 
understand why the research is being done and what it will involve. Therefore, please 
read this information sheet carefully.  
 
 
1. WHY ARE WE DOING THIS RESEARCH? 
 
We know that some sports can contribute to bone development more than others.  
This study has two different aims: 
 To understand the differences in bone mass of boys playing different 
sports such as football, cycling and swimming and to compare their 
values with those from boys not playing these sports regularly. 
 To find out if a jump training programme can improve your child’s 
bone strength. 
  
 
2. WHY HAVE WE INVITED YOUR CHILD TO TAKE PART? 
 
Your child has been invited to join our study because he is regularly engaged in 
one of these sports: football, cycling or swimming (more than 3 hours per week 
(on average) in the last 3 years). Studies of similar aged boys have been 
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performed worldwide. This project will involve a total of 105 boys from Exeter 
and the surrounding area. 
 
 
 
3. DOES YOUR CHILD HAVE TO TAKE PART? 
 
No. It is up to you. If he agrees to take part we will ask him to sign an assent 
form (you will need to sign it too). We will give you a copy of this information 
sheet, your child’s information sheet and the assent form to keep. In addition, 
you will have to sign the “Parent/Guardian Consent Form”. Your child will be 
free to stop taking part at any time during the research without giving a reason 
and without any disadvantage to himself.  
 
 
4. WHAT WILL HAPPEN TO MY CHILD IF HE TAKES PART? 
 
The study will last for 3 years, during which time your child will be asked to 
attend the University on 5 separate occasions:  
 
1st visit in Autumn-Winter 2014  
2nd visit in Autumn-Winter 2015 
3rd visit in Summer-Autumn 2016  
4th visit in Winter-Spring 2016-2017  
5th visit in Summer-Autumn 2017 
 
Each of these visits will last approximately 3-4 hours. In each of these visits we 
will measure:  
 
Bone mass 
 
We will use a scanner to measure your child’s bone health using low dose x-
rays. This machine is called “DXA” (see the picture below) and uses a minimal 
amount of radiation to create a picture of your child’s bones, muscle and fat. 
This amount of radiation is very small and similar to that which your child will 
receive after a few hours in the sunshine on a hot summer’s day. This device is 
used with adolescents worldwide. To obtain the measurement, your child will 
need to stay quiet and still on the scanner bed for a maximum of 15 minutes.  
 
 
 
 
 
 
 
 
 
 
Photo 1: DXA 
 
We will use a small device called “ULTRASONOMETER” (see the picture 
below) to obtain additional information about the strength of your child’s heel. 
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This measurement uses ultrasound, so no radiation is involved. To obtain this 
measure, you child will have to place his foot in the device and keep it still for 1 
minute. This is a non-invasive and pain-free method to measure bone strength. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 2. Ultrasonometer 
 
 
Body fat 
 
We will use a device called “BodPod” which is shown in the figure below and 
looks like a small spacecraft. The only thing you have to do is to enter into the 
device and stay as quiet as you can for around 30 seconds. Your child will wear 
swim wear and hat. This is a non-invasive method. 
 
 
 
Photo 3. BodPod  
 
Body size measurements (anthropometry) 
 
We will measure your child’s height, weight, seated height and hip and waist 
circumference using standard scales and tapes.  
 
Physical fitness:  
 
We will evaluate your child’s physical fitness using standard tests that are 
routinely used for adolescents worldwide. This will include a running test 
(endurance), a strength test (lower leg muscle strength) and a jumping (jump 
height) test. All of these tests have been previously used in adolescents without 
any issue. Physical fitness has been considered a powerful marker of health. 
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Blood tests:  
 
We will obtain a small amount of blood from your child’s finger using a very 
small lancet. This feels like a small ‘pin prick’ and is routinely used in research 
on children and well tolerated. This blood sample will be used to measure the 
vitamin D status of your child along with bone markers that help form and 
breakdown bone tissue. It is important that your child does not have any food or 
drink (except water) from midnight. 
 
 
Tanner stage:  
 
We will show your child five pictures of physical maturation and he will be 
asked to choose the one that best represents his current physical development. 
He will self-assess his physical development in privacy. This is important to 
know as different physical maturation is associated with different bone levels. It 
is a routine measure in studies involving children and adolescents. 
 
Diet: 
 
Your child will be asked to give us some information about his diet using a 
simple questionnaire each day he visits the University. 
 
 
Physical activity:  
 
We will ask your child to wear a small device on his wrist (it looks like a watch) 
from the time he wakes up until bedtime for a period of 7 days (see photo 
below). We will also collect some information about his physical activity 
patterns using a questionnaire. 
 
 
 
 
5. WHAT ELSE WILL MY CHILD BE ASKED TO DO? 
 
Your child may be asked to perform some jumps per week over a period of 9 
months (it will take less than 10 minutes per day and he will not have to do it 
every day). However, this decision will depend on the group we allocate him. If 
he is finally in this group, we will explain to him how to do it. There is nothing 
to worry about, it is very easy and it is not time consuming. By contrast, if your 
child is not in this group, the only thing he has to do is to continue with his 
regular training over the 3 years. If your child misses a few sessions this will 
not be a problem as we will register attendance to the trainings and number of 
jumps performed, so please do not be concerned about this.  
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6. WHAT ARE THE POSSIBLE RISKS AND DISADVANTAGES OF 
TAKING PART? 
 
There are minimal risks of taking part in this study. If we ask your child to do 
the jumps, then he may feel a bit stiff in his legs. This may also happen after the 
visit to the University due to the physical fitness tests. However, this is 
something completely normal and your child may have already had this 
sensation after doing some sport. We will show him some stretching exercises to 
remove this sensation. In addition, if we ask your child to do the jumps, it is 
possible he may twist an ankle, but this is very unlikely and the risk will be even 
lower if he does it on a hard surface. In fact, no injuries have been reported in 
previous studies performing similar jumping interventions. However, if your son 
gets injured for any length of time, you should notify us and we will meet with 
you to discuss his continued participation in the study. 
The study requires a strong commitment from participants as it involves regular 
attendance to their training sessions over 3 years and it may include (depending 
on the group we allocate your child) performing jumping exercises over 9 
months.  
 
 
7. WHAT ARE THE POSSIBLE BENEFITS OF TAKING PART? 
 
You will obtain important information about your child’s bones through his 
adolescence, which is very important and difficult to obtain. We cannot promise 
the study will help your child but the information we get may help other young 
people in the future.  
 
 
8. WHO IS FUNDING THE RESEARCH? 
 
This study has been funded by the European Commission – Marie Curie Career 
Integration Grants.  
 
 
9. WHO HAS REVIEWED THE STUDY? 
 
Before any research goes ahead it has to be checked by a Research Ethics 
Committee. This project has been checked and approved by the Cornwall and 
Plymouth Research Ethics Committee and the Sport and Health Sciences Ethics 
Committee (University of Exeter). 
 
 
 
 
 
 
 
Thank you for reading this letter! If you have any questions 
let us know. 
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PARENT/GUARDIAN CONSENT FORM 
 
Title of Project: Exercise and bone health in adolescents engaged in different sports 
 
Name of Researchers: Dr. Luis Gracia-Marco, Prof Craig A. Williams, Dr. Alan 
Barker, Dr. Brad Metcalf, Dr. Karen Knapp, Prof Adrian Taylor, Mr. Dimitris 
Vlachopoulos 
____________________  ______________  ____________________ 
Name of participant    Date    Signature 
 
_____________________  ______________  ____________________ 
Name of parent/guardian    Date   Signature 
  
_____________________  ______________  ____________________ 
Researcher     Date    Signature 
 
  
 
Please initial box 
1 I have read and understand the information sheet Version 3, Dated: 01/05/2014 for the 
above study and have had the opportunity to ask questions. 
 
2 My child’s participation in the project is entirely voluntary (no incentives will be 
given) and my child is free to withdraw from the project at any time without giving 
reason or affecting his relationship with the researchers. 
 
3 I am aware that all data will be stored on computer in coded form and individual 
results will be confidential to the Children’s Health and Exercise Research team. In 
addition, results and human material collected (i.e. blood samples) will be kept 
following completion of the study for 5 years and will be used for future publications 
and research issues. 
 
4 The results of the project may be published but my child’s anonymity will be 
preserved. 
 
5 I give consent for my child to take part in the above study. 
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ASSENT FORM FOR PARTICIPANTS (12-14 
years old) 
(To be completed by the participant and their parent/guardian) 
 
Date: 01/05/2014        
 Version 2. 
 
PRO-BONE Project: Exercise and bone health in adolescents engaged in 
different sports 
                                                                                                                            
Adolescent (or if unable, parent on his behalf) to circle all he agrees with: 
Have you read about this project using the Participant Information Sheet*  Yes / 
No 
*Participant Information Sheet (Version 3. Date: 01/05/2014)      
  
Has the research team explained this project to you?    Yes / No 
Do you understand what this project is about?                  Yes / 
No 
Have you asked all the questions you want?         Yes / No 
Have you had your questions answered in a way you understand?   Yes / 
No 
Do you understand that it is okay to stop taking part at any time?   Yes / 
No 
Are you happy to take part?                                      Yes / 
No 
If any answers are ‘no’ or you do not want to take part, do not sign your name below! 
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If you do want to take part, please write your name and today’s date in the space below. 
 
 Your name       ___________________________ 
 
Sign                ___________________________ 
 
   Date              ___________________________ 
Your parent or guardian must write their name here too if they are happy for you to take 
part in 
the project 
 
 Print Name  ___________________________ 
 
 Sign               ___________________________ 
 
 Date              ___________________________ 
 
 
The person from the research team who explained this project to you needs to sign too: 
 
Print Name    ___________________________ 
 
Sign               ___________________________ 
 
Date              ___________________________ 
 
 
Thank you for considering this project!  
Please send us by post or email this form and the 
interest form before your first visit. 
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Appendix 3: Measurement forms  
Maturation Assessment Form 
 
Name ………………………… 
 
The assessment of your state of puberty is essential for the correct 
interpretation of your health and exercise performance. All children do not start 
puberty at the same time and some will progress through puberty more quickly 
than others. Consequently, two children aged 13 year olds may be the same 
age, however it is likely that one will be more mature than the other. We 
therefore require an estimate of your maturation in order to control for the 
different stages of pubertal development on the outcomes that we will measure. 
If you have any questions about this assessment, please contact a member of 
the research team.  
 
Instructions: 
 
On the next page are five drawings showing the changes in pubic hair as a child 
develops into and adult. Please take your time and read carefully the writing 
explaining each of the five different stages in pubic hair development. Once you 
have decided the stage which best describes your present level, please indicate 
this below by circling the relevant number. Once you have finished, please sign 
and date this form at the bottom and return it to a member of the research team 
on your next visit.  
 
ALL INFORMATION WILL BE HANDLED WITH THE STRICTEST OF 
CONFIDENCE AND ONLY VIEWED BY THE RESEARCH TEAM 
 
Stage:         1         2        3        4        5 
 
 
Participant signature……………………………………. 
 
Date………………………………. 
 
PLEASE WEAR THE ACCELEROMETER ON YOUR LEFT WRIST FOR 7 
DAYS  
IF YOU REMOVE THE ACCELEROMETER AT ANY TIME PLEASE 
COMPLETE THE TABLE BELOW: 
PLEASE DO NOT REMOVE IT AT ALL AND SEND IT BACK TO US 
INCLUDING THIS FORM IN THE PREPAID ENVELOP AND WRITE YOUR 
ADDRESS ON THE BACK. 
MANY THANKS!  
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Children’s Health and Exercise Research Centre    (PRO-BONE Study) 
 
Anthropometry 
 1
st  
Measurement 
2nd Measurement 3rd  
Measurement 
 
Seated Height 
(centimetres) 
   
Height 
(centimetres) 
   
Weight 
(kilograms) 
 
(SECA scale) 
 
(BIA) 
 
(BODPOD) 
Waist 
Circumference 
(centimetres) 
   
Hip 
Circumference 
(centimetres) 
   
 
 
 
DXA SCAN REPORT SHEET 
Body Composition Measurements 
DXA (TB-FN-
LS) 
YES  /  NO 
BIA 
Fat%: 
Achilles Insight Ultrasonometer 
BOD POD  Stiffness 
Index 
BUA SOS 
Body Volume (mean): 
 
Attempts Right Left Right Left Right Left 
Fat%: 
 
Fat weight: 1st        
Lean Weight: 
 
Lung Volume: 
 
2nd       
Fitness Assessment 
 1
st Attempt 2nd Attempt 3r Attempt 
Jump Height (2nd value in the 
screen) 
(centimetres) 
   
Standing Long Jump Test 
 1
st Attempt 2nd Attempt 
 
3rd Attempt 
Standing long jump 
(centimetres) 
   
20 meter Shuttle Run Test Participant obtained: 
 
Number of Shuttles: ________ 
Maturation Assessment Form:     Yes   /  No 
Accelerometer:                               Yes  /  No 
Questionnaires (PA+Diet)             Yes  /  No 
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The information given on this sheet is strictly confidential. It will be used only for 
research purposes. A contraindication checklist should accompany this sheet. 
 
DXA scan file code: …………………… 
Project reference number: ……………… Participant ID: ……………. Date of 
scan: …………… 
 
Section 1. IRMER (2000) Regulations                                            
                                                        
 
Practitioner:      Dose constraint set: 
Justification for scan:     Operator: 
Definition of benefit:     Chaperone: 
 
Section 2. Background Scan Information       
     
 
Body mass (kg):    Stature (cm):    Gender: M / F 
 
Pregnancy assessment:       Breast feeding: YES 
/ NO 
 
Medical conditions: 
 
Section 3. Personal details (Ask participants for these details verbally to ensure 
identification)              
 
Name:     Age:    Date of birth: 
Address:    GP details: 
 
Section 4. Scan Radiation Report        
     
 
Scans aborted and completed Radiation dose (μGy) 
  
  
  
  
 
 
Total radiation dose: 
 
  
 (μGy) 
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MY JUMP DIARY 
PARTICIPANT ID: 
 
 Jump training progression plan 
Levels Exercise 
Vest weights 
(kg) 
Repetitions 
Sets / day 
(
1
Rest) 
Trainings / 
week 
Jumps / 
week 
1-3 
months 
Jumps 
(CMJ or SJ) 
- 20 3 3 180 
Total level 1 (12 weeks)    180 x 12 = 2160 
3-6 
months 
Jumps 
(CMJ or SJ) 
2 20 4 3 240 
Total level 2 (12 weeks)    240 x 12 = 2880 
6-9 
months 
Jumps 
(CMJ or SJ) 
5 20 4 4 320 
Total level 3 (12 weeks)    320 x 12 = 3840 
Total intervention (36 
weeks) 
    8880 
 
1
Rest between sets = 30 seconds 
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PARTICIPANT ID: 
“If you are unable to complete one of these jumping sessions do not worry about it, it 
is not a problem, just carry on with your plan”.  
 1-3 months 
This is your diary for the first 12 weeks. You can either do the “countermovement 
jumps, CMJ” or the “squat jumps, SJ” as we have explained to you. It is very easy! 
As you can see in the diary you have to do the jumps 3 times per day and 3 days per 
week.  
Have a look to this example: 
 
3 TIMES PER WEEK (any days you wish) 
 
1) In the morning: 10 jumps (CMJ) + 30 seconds rest + 10 jumps (CMJ) 
 
2) After school: 10 jumps (CMJ) + 30 seconds rest + 10 jumps (CMJ) 
 
3) Before going to bed: 10 jumps (CMJ) + 30 seconds rest + 10 jumps (CMJ) 
 
 
 
 
 
 
 
 
 
 
 
 
Please tick  the 
specific cell after completing each set of repetitions.  
 
GREAT EFFORT! KEEP UP THE GOOD WORK!  
 DAY 1 DAY 2 DAY 3 
SET 1 2 3 1 2 3 1 2 3 
WEEK 1          
WEEK 2          
WEEK 3          
WEEK 4          
WEEK 5          
WEEK 6          
WEEK 7          
WEEK 8          
WEEK 9          
WEEK 10          
WEEK 11          
WEEK 12          
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PARTICIPANT ID: 
“If you are unable to complete one of these jumping sessions do not worry about it, it is 
not a problem, just carry on with your plan”.  
 3-6 months 
This is your diary for weeks 13 to 24. You can either do the “countermovement jumps, 
CMJ” or the “squat jumps, SJ”. NOW you have to use the 2 kg at the weight vest as 
we have explained to you. It is very easy! 
As you can see in the diary NOW you have to do the jumps 4 times per day and 3 days 
per week.  
Have a look to this example: 
3 TIMES PER WEEK (any days you wish) + 2 kg at the weight vest 
 
1) In the morning: 10 jumps (CMJ) + 30 seconds rest + 10 jumps (CMJ) 
 
2) (2+3) After school: 10 jumps (CMJ) + 30 seconds rest + 10 (CMJ)+ 30 seconds 
rest + 10 jumps (CMJ) + 30 seconds rest + 10 jumps (CMJ) 
 
3) (4) Before going to bed: 10 jumps + 1 minute rest + 10 jumps 
 
 DAY 1 DAY 2 DAY 3 
SET 1 2 3 4 1 2 3 4 1 2 3 4 
WEEK 13             
WEEK 14             
WEEK 15             
WEEK 16             
WEEK 17             
WEEK 18             
WEEK 19             
WEEK 20             
WEEK 21             
WEEK 22             
WEEK 23             
WEEK 24             
Please tick  the specific cell after completing each set of repetitions 
EXCELLENT JOB SO FAR!! 
YOU HAVE DONE REALLY GOOD WORK!!! 
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PARTICIPANT ID: 
“If you are unable to complete one of these jumping sessions do not worry about it, it is 
not a problem, just carry on with your plan”.  
 6-9 months 
This is your diary for weeks 25 to 36. You can either do the “countermovement jumps, 
CMJ” or the “squat jumps, SJ”. NOW you have to use the 5 kg at the weight vest as 
we have explained to you. It is very easy! 
As you can see in the diary NOW you have to do the jumps 4 times per day and 4 days 
per week.  
Have a look to this example: 
4 TIMES PER WEEK (any days you wish) +  5 kg at the weight vest 
 
1) In the morning: 10 jumps (CMJ)  + 30 seconds rest + 10 jumps (CMJ) 
 
2) (2+3) After school: 10 jumps (CMJ)  + 30 seconds rest + 10 jumps (CMJ)  + 30 
seconds rest + 10 jumps (CMJ)  + 30 seconds rest + 10 jumps (CMJ) 
 
3) Before going to bed: 10 jumps (CMJ)  + 30 seconds rest + 10 jumps (CMJ) 
 
 DAY 1 DAY 2 DAY 3 DAY 4 
SET 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
WEEK 25                 
WEEK 26                 
WEEK 27                 
WEEK 28                 
WEEK 29                 
WEEK 30                 
WEEK 31                 
WEEK 32                 
WEEK 33                 
WEEK 34                 
WEEK 35                 
WEEK 36                 
 
Please tick  the specific cell after completing each set of repetitions.  
YOU HAVE NOW FINISHED, 
CONGRATULATIONS!!! 
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Bone Health: The Independent 
and Combined Effects of 
Calcium, Vitamin D and 
Exercise in Children and 
Adolescents
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32.1   Introduction
Bone-mass acquisition during growth is a key determinant of osteoporosis 
risk later in life (Marshall et al., 1996). During the last two decades, increas-
ing evidence suggests that young population groups fail to attain adequate 
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bone mass; this is alarming given the raised concerns that inadequate bone 
mass may result in fragile bones and increased fracture risk both in adoles-
cence and in adulthood (Rizzoli et al., 2010). Childhood and adolescence 
are considered crucial periods of bone-mass acquisition, with up to 50% 
of total body (TB) bone mass achieved during these life stages (Perez-Lopez 
et al., 2010). Peak bone mass (PBM) attainment typically occurs between 
the second and third decade of life, with 80–90% acquired by late ado-
lescence (second decade of life), although this is skeletal site dependent 
(Baxter-Jones et al., 2011). While up to 80% of bone mass is determined 
by genetics (Davies et al., 2005), lifestyle factors, such as diet (i.e. calcium, 
vitamin D) and physical activity (PA) have been shown to contribute to 
skeletal development.
Dietary calcium is an essential component of bone formation in young 
people as it influences the development of the skeleton during growth. 
For this reason, adequate calcium levels are necessary for the optimal 
attainment of PBM (Huncharek et al., 2008). Increasing dietary calcium 
to optimal levels through consumption of dairy products (fortified or not) 
may increase bone mass during growth, but the magnitude and the main-
tenance of the gain in bone mass remain controversial (Huybrechts et al., 
2011). Another substantial nutrient in bone mineralization is vitamin D, 
which plays an important role in calcium absorption from the skeleton 
and in the attainment of PBM. In addition, vitamin D deficiency may be 
linked to rickets in children (Pettifor and Prentice, 2011). Therefore, it 
is important to fully understand the impact of vitamin D on bone devel-
opment and its association with enhanced bone mass in children and 
adolescents.
PA contributes to the development of bone mass in young people due to 
its association with increases in lean mass as explained by the mechanos-
tat theory “bigger muscles exert higher tensile forces on the bones they attach” 
(Rauch et al., 2004). The importance of PA during childhood is dependent 
on the ability of the skeleton to adapt to mechanical loading after exercise 
and appears to elicit the greatest bone-accrual response in the growing 
skeleton (Bielemann et al., 2013). The intensity, frequency and the type of 
PA are important factors to consider in order to understand the impact of 
PA on the paediatric skeleton; due to the ground reaction forces applied 
at different sites (Vicente-Rodriguez, 2006). In addition, specific PA levels 
associated with optimal bone health have been published (Gracia-Marco 
et al., 2011).
Calcium, vitamin D and PA have been shown to independently influence 
bone-mineral accrual in young people. However, there is evidence suggest-
ing that exercise interacts with calcium intake (Courteix et al., 2005) and vita-
min D levels (Valtuena et al., 2012) to improve bone status.  Understanding 
these interactions during childhood and adolescence is a public health pri-
ority. Therefore, this chapter will discuss the independent and interactive 
effects of calcium, vitamin D and exercise on bone status in children and 
adolescents (Figure 32.1).
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32.2   Bone Mass Increase during Childhood and 
Adolescence
Childhood and adolescence is characterized by profound changes in the 
morphology of the skeleton and bone development determined through the 
dynamic process of bone formation and resorption. Skeletal growth depends, 
among other factors, on bone remodeling from osteoblast (formation) and 
osteoclast (resorption) cells where the ratio of the activity of these cells deter-
mines the rate of bone mineral accrual. During the period of bone growth 
the activity of osteoblasts is higher than the activity of osteoclasts until the 
time of PBM (Deng et al., 2008). Several other factors are shown to contribute 
to differences in bone status in children and adolescents such as genetics, 
sexual maturation, body composition, nutrition and PA.
Pubertal status is associated with bone growth both in size and density, 
and evidence shows that boys and girls acquire bone mass at similar rates 
before puberty, whereas after puberty males tend to acquire a higher bone 
mass than females (Davies et al., 2005). Findings from a longitudinal study 
monitoring bone mass suggest that the highest rate of bone-mass accrual 
in females and males occurs at 12–15 years and 14–16 years, respectively. 
In the same study, bone mass increase rate decreased by the age of 16–18 
years in girls and 17–20 years in boys (Bailey et al., 1999). During the years 
of puberty, girls acquired ∼40% of their PBM and ∼90% by the age of 18 
(Theintz et al., 1992). Maturation onset is another important component of 
bone-mass acquisition due to the relationship between the pubertal timing 
and the PBM accrual. The Saskatchewan Paediatric Bone Mineral Accrual 
Study reported that PBM was achieved 6 months later than peak height 
Figure 32.1   Combined effects of calcium, vitamin D and exercise on bone status 
in children and adolescents. The association of the nutritional factors 
(calcium and vitamin D) and exercise in bone development.
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velocity (PHV), where boys and girls obtained 90% of total height at PHV 
but only 57% of total BMC (Bailey et al., 1999). The inverse association of 
PHV and PBM accrual showed that children who reach PHV earlier tend 
to have higher BMC than those with a late PHV. In addition, children with 
a higher stature have greater BMC and BMD z-scores than shorter peers 
(Zemel, 2013) (Figure 32.2).
32.3   Calcium, Vitamin D and Bone Status in 
Children and Adolescents
The development of the human skeleton requires an adequate supply of 
many nutrients, including calcium. Ninety-nine per cent of calcium is con-
centrated in bone and explains 1–5% of the variance in childhood bone mass 
and later in PBM attainment (Levine, 2012). Adequate calcium levels are 
defined as 800 mg per day for children aged 4–8 years old and 1300 mg per 
day for adolescents (Baker et al., 1999). Adequate calcium levels are crucial 
during the pubertal growth spurt due to their relationship with peak bone 
acquisition. Peak calcium accretion occurs during puberty at ∼12.5 years in 
females and ∼14 years in males (Bailey et al., 2000).
Increasing dietary calcium to optimal levels through diet rich in calcium 
and dairy products promotes bone growth in the skeleton. A double-blind 
placebo-controlled trial in 149 girls aged 7.9 years has shown that 850 mg per 
day of calcium coming from fortified foods, taken for one year, significantly 
increased BMD at the femoral and radial sites by 7–12 mg cm−2 per year and 
Figure 32.2   Increases in bone mass during childhood and adolescence. Bone 
mass increases by chronological age are shown for males and 
females from childhood to adulthood. Peak bone mass increase val-
ues achieved ∼2 years earlier for girls compared with boys. Adapted 
from: (Bailey et al., 1999).
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by 2 mg cm−2 per year in the lumbar spine (LS) compared to a placebo group. 
Furthermore, a 7 year longitudinal study in adolescent girls showed that cal-
cium supplementation and milk products were correlated with greater BMC 
on the hip and forearm sites. However, only dairy products were associated 
with an increase of BMD in the spine (Matkovic et al., 2004).
In contrast to the above, a systematic review on the effects of dairy prod-
ucts and dietary calcium on bone mass revealed that only 9 out of 27 RCTs 
reported modest benefits in children’s bone mass ranging from 1% to 6%. 
This suggests that there is no conclusive evidence of the positive effects of 
dairy products and dietary calcium on bone mass in children and adoles-
cents (Lanou et al., 2005). A more recent meta-analysis included 21 RCTs 
(study duration 1–2 years) with 3821 participants (83% girls) aged between 4 
and 17 years. The findings revealed that increasing the consumption of milk 
products and calcium intake improved TB BMC by 2 g. In addition, children 
with calcium intakes below 800 mg per day had a greater increase in BMC 
(49 g), and vitamin D added to the milk supplement improved BMC at the 
LS by 35 g. Calcium/milk supplement groups alone showed a nonsignificant 
improvement of 2.1 g in TB BMC compared to control groups (Huncharek 
et al., 2008).
Vitamin D plays an important role in calcium homeostasis and is an essen-
tial nutrient for the bone mineralization process. This is done via its partici-
pation in the absorption of calcium and phosphorous in the skeleton through 
calcification of the growth plate and mineralization of osteoid on trabecular 
and cortical bone surfaces. The natural source of vitamin D in the body is sun-
light accounting for 95%, with the remaining 5% being dependent on dietary 
intake. Vitamin D appears in the body in the form of vitamin D2 and D3 and 
is then converted in the liver into 25-hydroxyvitamin D (25(OH)D); the latter 
is the most appropriate biochemical marker to assess vitamin D availability 
by measuring serum 25(OH)D concentration in the blood (Perez-Lopez et al., 
2010). Table 32.1 shows the recommended dietary intakes of vitamin D for 
children and adolescents aged 4–18 years (15 μg per day).
Table 32.1   Dietary reference intakes for vitamin D in children and adolescents 
across the world. Childhood is defined as the age between 4 and 8 years 
and adolescence as the age between 9 and 18 years. Adapted from: 
(Ross, 2011).
Age group
Vitamin D (mg per day)
Estimated average 
requirement
Recommended 
dietary allowance Upper level intake
Childhood (4–8 years)
10 15 75
Adolescence (8–18 years)
Boys 10 15 100
Girls 10 15 100
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Clinical vitamin D (in)sufficiency in young people includes the follow-
ing categories: severe deficiency of vitamin D when 25(OH)D levels are 
below 27.5 nmol L−1, deficiency between 27.5 nmol L−1 and 50 nmol L−1, 
insufficiency between 50 nmol L−1 and 75 nmol L−1 and sufficiency above 
75 nmol L−1 (Gonzalez-Gross et al., 2012). It should be noted that the defini-
tion of sufficient 25(OH)D levels in adolescents is controversial and there-
fore predefined cut-offs are used to define optimal levels ≥75 mmol L−1 and 
insufficiency <75 mmol L−1 (Valtuena et al., 2012). Depending on the mag-
nitude and the skeletal site, deficiency in vitamin D may lead to rickets 
and increase fragility by reducing the absorption of calcium in the skel-
eton (Pettifor, 2005). Insufficient vitamin D status has been observed in 
1006 European adolescents from 9 different countries, aged 12.5 to 17.5 
participating in the Healthy Lifestyle in the Europe by Nutrition in Ado-
lescence study. After adjusting by age, gender and weight status, it was 
revealed that 15% of adolescents were severely deficient, 27% were defi-
cient and 39% insufficient for their 25(OH)D levels (Gonzalez-Gross et al., 
2012). The daily dose of vitamin D in children and adolescence is a matter 
of debate, indicating that optimal vitamin D levels should be maintained 
throughout the year.
32.4   Impact of Physical Activity on Bone Status 
during Growth
32.4.1   The Role of Physical Activity on Bone Mass
PA is also considered an important determinant of the accrual and main-
tenance of bone mass. Weight-bearing PA can increase bone mass due to 
the ability of the skeleton to adapt to the loads under which it is placed. 
According to Wolf’s law, when the loading on a particular bone increases, 
the bone remodels itself over time to become stronger to resist that loading 
(Frost, 1994). Based on the previous theory, studies in animals and humans 
have shown that the growing skeleton adapts to the mechanical stimuli to a 
greater extent than mature bone due to a higher osteoblast activity and bone 
formation (Robling et al., 2002). Thus, engaging in PA is particularly import-
ant during childhood and adolescence.
A review of 19 cohort studies from childhood to adulthood highlighted the 
importance of PA during the growth period and its link with bone mass later 
in life. The positive association was higher in males than in females at the fem-
oral neck (FN) and LS sites (Bielemann et al., 2013). The results of the  six-year 
 Saskatchewan Pediatric Bone Mineral Accrual study in adolescent boys and 
girls showed that both girls and boys classified in the highest PA quartile 
acquired 17% and 9% higher TB BMC, respectively compared with their inac-
tive peers one year after peak BMC velocity. At the LS site, active adolescents 
displayed 18% higher BMC (adjusted for weight and height) one year after 
peak BMC velocity. In addition, there was a difference of 7% and 11% in active 
and inactive boys and girls, respectively, at the FN (Bailey et al., 1999).
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In a 7 year study, including 72 males and 82 females, the authors examined 
whether the positive effects of PA on BMC acquired in adolescence preserved 
into the second and third decade of life. It was reported that both active 
males and females during adolescence remained active during adulthood. 
Furthermore, active boys showed 8–10% greater adjusted BMC for weight, 
height, calcium intake, PA and maturation status at TB, FN and total hip 
(TH) in adulthood. In addition, active females had 9–10% higher adjusted 
BMC at TH and FN in young adulthood (Baxter-Jones et al., 2008). These 
results highlight the importance of PA for bone accrual during childhood 
and adolescence and its relation with bone status in adulthood. Therefore, it 
is important to understand the type of exercise and the optimal “dose” (i.e. 
frequency, intensity, duration) that is required to maximize increases in BMC 
and BMD during childhood and adolescence (Table 32.2).
32.4.2   Weight-Bearing Exercise and Bone Mass
Weight-bearing exercise such as jumping, running and weight training can 
enhance bone mass due to the high ground reaction forces (GRF) applied 
in the developing skeleton of children and adolescents. Evidence supports 
the beneficial effects of weight-bearing activities in bone accrual by apply-
ing GRF of 3.5 to 5 times body weight, which represents a moderate exercise 
intensity intervention (McKay et al., 2005). The majority of the evidence so 
far comes from studies conducted in a school-based environment and includ 
jumping exercises to improve bone health at different stages of growth.
Findings from a 4 year longitudinal study of 205 prepubertal children aged 
10 ± 1 years suggested that a 7 month jumping intervention significantly 
increased the adjusted BMC for age, sexual maturation and tissue mass 
by 7.9% at LS, 8.4% at TH, 7.7% at FN and 7.3% at TB. Three years after 
the end of the intervention the effects decreased but remained significant 
at the above sites accounting for 2.3%, 3.2%, 4.4% and 2.9% higher BMC, 
Table 32.2   Physical activity and bone health during adolescence. Adjusted bone 
mineral content by height and weight covariates; significant difference 
set at p < 0.05. Adapted from: (Baxter-Jones et al., 2008).
Significant differences in bone mineral content (g) at total body, lumbar spine, total 
hip and femoral neck at 3 activity groups
Gender (age at peak 
height velocity) Inactive Average Active
Males (14.1) Compared to active 
group: total body, 
lumbar spine 
and total hip
Compared to active 
group: total body 
and total hip
Compared to both 
groups: total 
body and total 
hip
Females (11.6) Compared to active 
group: total 
body and lumbar 
spine
Compared to active 
group: lumbar 
spine
Compared to both 
groups: lumbar 
spine
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respectively (Gunter et al., 2008). A review of RCTs showed that weight-bearing 
activities (i.e. games, dance, resistance training and jumping exercise) elic-
iting GRF of 2–9 times body weight can effectively improve bone mass by 
0.9–4.9% in prepubertal children, 1.1–5.5% in early pubertal and 0.3–1.9% 
in pubertal children (Hind and Burrows, 2007). These findings are in agree-
ment with a recent meta-analysis of 27 studies addressing the impact of 
weight-bearing activities (i.e. body weight, resistance training machines or 
both) on BMC and BMD of 2985 boys and girls aged 10.3 ± 2.7 years. The 
results revealed trivial effect sizes of 0.17 (0.05–0.29) for BMC and 0.26 (0.02–
0.49) for BMD. Interestingly, calcium intake explained 35% of the variance 
and the changes in BMC were greater during the prepubertal years (Tanner 
stage 1) when compared with mid- and late pubertal years (Tanner stages 2–5) 
(Behringer et al., 2014). A meta-analysis of school-based exercise interven-
tions, such as jumping, aerobic and circuit training in children and adoles-
cents confirmed the small but beneficial effect of exercise on BMC and added 
the negative effect on fat mass. Effect sizes presented that BMC improved at 
LS by 0.38 (standardized mean difference), at FN by 0.29, at TB by 0.48 and fat 
mass decreased by 0.25 (Nogueira et al., 2014).
These studies show the positive impact of weight-bearing activities, mainly 
jumping interventions, on BMC and BMD but, it should be noted that the 
optimal type, intensity and duration of exercise is not clear yet (Bailey and 
Brooke-Wavell, 2008). Most of the studies involved exercise interventions 
lasting from 3 to 20 min per day with a frequency of 3 times per week. This 
is in agreement with the findings of a recent meta-analysis in girls after con-
trolling for the important confounding factors of maturation stage, exercise 
mode, intervention strategy, duration and frequency of exercise, design and 
duration of the study (Ishikawa et al., 2013).
The intensity of exercise may contribute to the changes of BMC and BMD 
among children and adolescents, and there is evidence to suggest that greater 
differences are observed when interventions include participation in differ-
ent sports (Boreham and McKay, 2011). The positive long-term effects of 
sport participation on BMD were demonstrated in a 27 year follow-up study 
of 154 Belgian boys aged 13 at baseline. Engagement in high impact sports 
(GRF > 4 times body weight) during adolescence and adulthood resulted in 
significantly higher BMD (1.12 g cm−2) at LS compared to participants that 
stopped high impact sports in adulthood (BMD = 1.01 g cm−2) or did not 
engaged in high-impact sports during adolescence and in adulthood (BMD = 
0.99 g cm−2) (Van Langendonck et al., 2003).
In contrast, other sports, such as swimming and cycling, may not have an 
effect or have a negative impact on bone status. Cycling training of 10 h per 
week for 2 to 7 years in adolescent males (<17 years of age) resulted in 10% 
lower BMC in legs, adjusted for total lean mass and height, but 8% higher in 
the hip area compared with a control group (Olmedillas et al., 2011). Further-
more, a comparison between adolescent female football players and swim-
mers that engaged in their sport for 10 h per week, reported significantly 
higher BMD at all sites for footballers. Also, swimmers had lower values of 
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bone geometry compared with the controls (Ferry et al., 2011). Prolonged 
participation in weight-bearing activities, such as jumping and osteogenic 
sports (e.g. football, handball, gymnastic), may elicit greater improvements 
in BMC and BMD compared to nonweight-bearing/osteogenic sports, such 
as cycling and swimming, which may decrease or not affect the bone devel-
opment in children and adolescents (Hind and Burrows, 2007) (Figure 32.3).
32.5   Associations of Calcium, Vitamin D and 
Exercise with Bone Mass of Children and 
Adolescents
Combined actions of calcium, vitamin D and exercise can determine bone 
development during growth by taking into account the interactions between 
hormonal changes and GRF placed on the skeleton. Evidence shows that 
adequate calcium and vitamin D levels are necessary to acquire bone mass 
and these nutrients interact with exercise to enhance bone growth (Valtuena 
et al., 2012). However, the magnitude of the benefits in boys and girls differ 
at various sites of the skeleton and may depend on the baseline levels of cal-
cium and vitamin D, on the dose of the supplementation and on previous 
loading experience (Specker and Vukovich, 2007).
The impact of calcium and exercise was investigated in 113 prepubertal 
females for 12 months. Girls were separated into four groups: two exercise 
Figure 32.3   Changes (%) in bone-mineral content after a jumping intervention. 
Percentage of change in bone-mineral content at four sites of the skel-
eton (total body, femoral neck, total hip, lumbar spine) after a jumping 
intervention programme. The duration of the school-based interven-
tion was 7 months and the participants were followed up for 3 years. 
Adapted from: (Gunter et al., 2008).
539Bone Health: The Independent and Combined Effects of Calcium
groups (7 ± 4 h of sport participation per week) that received 800 mg of 
calcium phosphate (exercise/calcium) or placebo (exercise/placebo) and 
two sedentary groups (1 ± 1 h of sport participation per week) that received 
800 mg of calcium phosphate (sedentary/calcium) or placebo (sedentary/
placebo) (Courteix et al., 2005). The findings showed that in the exercise/
calcium group there was a 6.3% greater BMD at the TB, 11% at the LS, 
8.2% at FN and 9.3 at Ward’s triangle compared to other groups. It should 
be mentioned that exercise might increase the calcium intake require-
ments by 422 mg due to calcium excretion through sweat following exer-
cise at intensities. This was observed in adults but there is no evidence for 
this in young people (Bullen et al., 1999) (Figure 32.4).
The positive combined associations between calcium, vitamin D and 
bone status have been shown in adolescents at different sites of the skele-
ton and at different maturation stages (Neville et al., 2002). The relationship 
between PA and 25(OH)D concentration was investigated in 100 adolescents 
aged 12.5–17.5 years after controlling for calcium and vitamin D intakes, 
maturation, age, gender, season, PA and fitness level. Findings revealed that 
the interaction between 25(OH)D levels and PA was significantly related to 
BMC at TB and legs. Furthermore, it was found that the active group of ado-
lescents had increased total BMC when the vitamin D levels were sufficient 
(>75 nmol L−1) (Valtuena et al., 2012). The beneficial effects of PA have been 
also demonstrated in participants with vitamin D deficiency. It has been 
reported that adjusted BMD for age, BMI, parathyroid hormone and bone 
turnover markers was positively related to PA at TB, FN and LS site in 166 
adolescent girls with vitamin D deficiency (Constantini et al., 2010).
Figure 32.4   Bone-mineral density gain after 12 months of calcium supplemen-
tation and exercise intervention. Bone-mineral density gain at total 
body, femoral neck, lumbar spine and trochanter sites after calcium 
supplementation and exercise intervention period of 12 months in 
four groups. Adapted from: (Courteix et al., 2005).
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However, there is evidence that the combined effects of calcium and vita-
min D may not have a beneficial effect on BMC and BMD in adolescents. 
A study of 101 adolescents aged 12.5–17.5 years examined the relationship 
between calcium, vitamin D, milk intake, 25(OH)D and bone status after 
adjusting the BMC and BMD for a number of cofounding variables such as 
height, family affluence scale, maturation status, season and PA (Mouratidou 
et al., 2013). There was no association between calcium and vitamin D 
intake and BMC and BMD at any skeletal site. However, a positive relation-
ship was found between milk intake and BMD and BMC in boys. Also, BMD 
for TB, head and right arm was associated with calcium intakes. In girls 
there was a significant positive relationship of 25(OH)D and BMC and BMD 
at TB, subtotal, left and right arm. The exercise contribution to the relation-
ship of bone status and dietary nutrients has been verified by a study that 
investigated the association of physical fitness and body composition with 
25(OH)D levels in 1006 adolescents (Valtuena et al., 2013). Physical fitness 
was positively related to 25(OH)D levels in boys and upper limp muscular 
strength was associated with 25(OH)D levels in girls. In addition, boys with 
higher fitness levels and lower BMI had significantly higher 25(OH)D levels 
compared to those with lower fitness levels.
32.6   Conclusions
Calcium, vitamin D and exercise are recognized as important factors for 
bone health in children and adolescences. In this chapter, we discussed 
the potential independent and combined effects of calcium, vitamin D 
and exercise on bone health in children and adolescents. The beneficial 
effects of calcium in relation to vitamin D and exercise were found to be 
greater during prepubertal years for both boys and girls. Therefore, future 
interventions should focus on this period of life in order to elicit greater 
improvements in bone mass that may translate to an increased PBM in 
adulthood. Current evidence suggests bone development is enhanced to a 
greater extent when optimal calcium and vitamin D levels combined with 
weight-bearing exercise. Overall, the findings suggest that regular exercise 
is considered the most important modifiable factor to enhance bone devel-
opment during childhood and adolescence. Further longitudinal research 
is needed to provide valuable information about the continuation of the 
impact of calcium in combination with vitamin D and exercise from child-
hood and adolescence into adulthood.
Summary Points
 ● Peak bone mass increase occurs approximately 2 years earlier in girls 
compared with boys.
 ● Boys gain greater amounts of bone mass compared to girls during 
adolescence.
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 ● Calcium intake between 700 and 1000 mg per day is recommended for 
normal bone growth in children and 1300 mg per day in adolescents.
 ● Sufficient vitamin D intake of 15 mg per day or 25-hydroxyvitamin 
D blood levels above 75 nmol L−1 is recommended for children and 
adolescents.
 ● Exercise stimulates bone mineral content and bone-mineral density 
increase and active children and adolescents have better bone status 
compared to their nonactive peers.
 ● Exercise seems to be the most important contributing factor to bone 
development compared to calcium and vitamin D.
Key Facts of Bone Health during Growth
 1.  Bone-mass acquired during youth is an important determinant of the 
risk of osteoporotic fracture during later life. The higher the peak bone 
mass, the lower the risk of osteoporosis.
 2.  From birth to the onset of the physical maturation, the bone mass is 
the same in girls as in boys.
 3.  During puberty, the speed of bone development in the spine and hip 
increases by approximately five times.
 4.  By the end of the teen years, approximately 90% of adult bone mass is 
in place.
 5.  During growth the gain in bone mineral mass is mainly due to an 
increase in bone size with very little change in bone tissue within the 
bones.
 6.  Young children who engage in 40 min of normal vigorous activity 
each day have significantly stronger bones than their less active 
peers.
 7.  It is estimated that a 10% increase of peak bone mass in children 
reduces the risk of an osteoporotic fracture during adult life by 50%.
Definitions and Explanations of Key Terms
Bone-mineral  content. Amount of bone mineral mass in grams per 
centimeter.
Bone-mineral  density. Amount of mineral mass in grams per square 
centimeter.
Ground  reaction  forces. The forces exerted by the ground on a body in 
contact with it.
Peak bone mineral accrual. The period of most rapid gain in bone mineral.
Peak-height velocity. Maximum growth in height.
Tanner maturity  stages. A five-stage scale system based on breast and 
pubic hair development.
Peak bone mass. Attainment of maximum bone mass that occurs between 
the second and third decade of life.
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25-Hydroxyvitamin D. Biochemical marker to assess vitamin D availability 
in the blood.
Osteogenic/nonosteogenic sports. Sports that elicit or not improvements 
in bone mass.
Weight-bearing exercise. Type of exercise that enhance bone status.
List of Abbreviations
25(OH)D  25-Hydroxyvitamin D
BMC  Bone-mineral content
BMD  Bone-mineral density
Ca  Calcium
FN  Femoral neck
GRF  Ground reaction forces
LS  Lumbar spine
PA  Physical activity
PBM  Peak bone mass
PHV  Peak height velocity
RCT  Randomized controlled trial
TB  Total body
TH  Total hip
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Abstract
Background: Osteoporosis is a skeletal disease associated with high morbidity, mortality and increased economic
costs. Early prevention during adolescence appears to be one of the most beneficial practices. Exercise is an
effective approach for developing bone mass during puberty, but some sports may have a positive or negative
impact on bone mass accrual. Plyometric jump training has been suggested as a type of exercise that can augment
bone, but its effects on adolescent bone mass have not been rigorously assessed. The aims of the PRO-BONE study
are to: 1) longitudinally assess bone health and its metabolism in adolescents engaged in osteogenic (football),
non-osteogenic (cycling and swimming) sports and in a control group, and 2) examine the effect of a 9 month
plyometric jump training programme on bone related outcomes in the sport groups.
Methods/Design: This study will recruit 105 males aged 12–14 years who have participated in sport specific
training for at least 3 hours per week during the last 3 years in the following sports groups: football (n = 30), cycling
(n = 30) and swimming (n = 30). An age-matched control group (n = 15) that does not engage in these sports more
than 3 hours per week will also be recruited. Participants will be measured on 5 occasions: 1) at baseline; 2) after
12 months of sport specific training where each sport group will be randomly allocated into two sub-groups:
intervention group (sport + plyometric jump training) and sport group (sport only); 3) exactly after the 9 months of
intervention; 4) 6 months following the intervention; 5) 12 months following the intervention. Body composition
(dual energy X-ray absorptiometry, air displacement plethysmography and bioelectrical impedance), bone stiffness
index (ultrasounds), physical activity (accelerometers), diet (24 h recall questionnaire), pubertal maturation (Tanner
stage), physical fitness (cardiorespiratory and muscular), bone turnover markers and vitamin D will be measured at
each visit.
Discussion: The PRO-BONE study is designed to investigate the impact of osteogenic and non-osteogenic sports
on bone development in adolescent males during puberty, and how a plyometric jump training programme is
associated with body composition parameters.
Keywords: Body composition, Longitudinal study, Plyometric jump training intervention, Osteogenic,
Non-osteogenic, Sport participation, Weight-bearing exercise
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Background
Osteoporosis is a common skeletal disease associated with
high morbidity and mortality [1]. Approximately 2.7 mil-
lion European men and women suffer an osteoporotic
fracture every year [2]. The economic burden of osteopor-
osis in Europe is higher than most types of cancer (except
lung cancer), or chronic cardiorespiratory diseases [2,3]
and represents a direct annual cost of ~ €31.7 billion to
health care and social services [1]. In order to improve the
outcome for osteoporosis, primary prevention remains the
most important policy action in public health. Although
contested [4], it is generally accepted that acquiring a high
bone mass during childhood and adolescence is a key de-
terminant of adult skeletal health [5-7]. Approximately
60% of osteoporotic cases in adult life are related to low
bone mineral content (BMC) in adolescence with up to
50% of total body (TB) bone mass achieved during this
period of life [8,9]. Peak bone mass attainment typically
occurs between the second and third decade of life, with
80-90% acquired by late adolescence, although this is skel-
etal site dependent [6,10]. Although bone mass is ~ 60-
80% genetically determined [11], there are other factors
strongly related with bone mass development. Environ-
mental and lifestyle factors such as physical activity (PA)
[12] and nutrition, i.e. calcium intake [13] and vitamin D
[14], are known to have important osteogenic effects and
have been the key focus in several interventions.
Exercise as a tool to improve bone health
Exercise has been proposed as a key factor for develop-
ing healthy bones in childhood and adolescence [15,16],
mainly when high-impact and weight-bearing PA occurs
[15] above a certain intensity and duration [15,17,18].
Longitudinal studies have shown that habitual PA is
positively associated with bone health in children and
adolescents because of its impact on bone development
[19,20]. The long-term positive effects of PA during ado-
lescence remain into young adulthood with active males
aged 24.2 years having 8 and 10% higher BMC at TB
and femoral neck (FN) respectively compared to non-
active peers, even when adjusted for maturation and size
[21]. Research conducted on former professional football
players showed that exercise is not only an important
factor in the accretion of, but also in the maintenance,
of bone mineral density (BMD) [22]. It has been shown
that moderate and readily accessible weight-bearing ex-
ercise before puberty may increase femoral volumetric
BMC, by increasing cortical thickness, and therefore
bone strength [23]. In addition, bone development is
dependent on the impact of mechanical load and pro-
cesses that trigger bone modelling and remodelling [24],
and possibly on structural adaptations related with tra-
becular microarchitecture [25].
Sport participation and bone health
It has been shown that sport participation is crucial for
healthy bone development, however not all sports have a
positive influence on the skeletal mass. According to
their characteristics, sports can be described as osteo-
genic (weight-bearing exercise) and non-osteogenic (non
weight-bearing exercise). Apart from numerous health
benefits [26], football is considered as an osteogenic
sport both in childhood and adolescence as bone mass is
augmented [27-30]. In contrast, sports such as cycling
[31-40] or swimming [41-46] are associated with no
change or a reduction in bone mass when compared to
controls. This could be a barrier for obtaining a high
peak bone mass which may compromise future bone
health [40,41,46,47].
Plyometric exercise intervention to increase bone health
To achieve the benefits of exercise and gain acceptance,
PA models must be effective, simple to administer, feas-
ible, inexpensive, short in duration and possible to per-
form at any location (i.e. at home, at the sports centre).
Plyometric jump training (PJT) may be a judicious choice
and experimental studies using animal models have re-
peatedly shown that short, discrete bouts of exercise inter-
spersed with rest periods is more effective than a single
longer bout of exercise for improving bone mass and
strength [48].
Research in early puberty has shown that a novel and eas-
ily implemented 8-month PJT (Bounce at the Bell; ~3 min/
day) enhanced bone mass at the weight bearing prox-
imal femur [49]. Mackelvie et al. showed that a 7-month
jumping intervention (10 min, 3 times/week) was asso-
ciated with more bone at the FN and lumbar spine (LS)
in early pubertal girls [50], and these results were main-
tained after 2 years [51]. In addition, prepubertal Asian
and Caucasian boys of average or low body mass index
(BMI) augmented bone mineral accrual at several re-
gions after a 7-month jumping intervention (10 min, 3
times/week). However, there are a lack of studies analys-
ing the effect of PJT in the adolescent population, which
is crucial as adolescence is the period associated with
the greatest increments in BMC and BMD [52]. In
addition, this has not been studied in adolescents en-
gaged in different sports (osteogenic vs. non osteo-
genic), which is important to examine if peak bone mass
during adolescence may be maximized and therefore re-
duce the risk for developing osteoporosis in adulthood.
Bone turnover markers and vitamin D
Bone development depends on its metabolic activity,
which includes bone formation, resorption and, as a
consequence bone turnover [53]. The relationship of PA
and sport participation with bone metabolism markers
has been shown previously in adolescents [54,55]. An
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increase in the concentrations of bone formation and re-
sorption markers can be observed in non-osteogenic
sports, such as swimming, but a comparison between
osteogenic and non-osteogenic sports has not been in-
vestigated previously [56].
The role of vitamin D in bone metabolism is important
due to contribution of vitamin D in calcium homeostasis
and bone mineralization processes during growth. Evidence
shows that adequate vitamin D levels are necessary to ac-
quire bone mass and interact with exercise to enhance bone
growth [57,58]. The magnitude of the benefits in boys and
girls differ at sites of the skeleton and may depend on the
baseline levels of vitamin D and on previous loading experi-
ence [59]. A positive interaction between PA and vitamin D
on BMD in adolescents has been described [60,61] however
the association between vitamin D with osteogenic and
non-osteogenic sports has not been justified.
Objectives
The objectives of the PRO-BONE study are: 1) to longi-
tudinally assess, over 3 years, bone health and its me-
tabolism in adolescents engaged in osteogenic (football)
and non-osteogenic (cycling and swimming) sports, and
2) after 12 months of sport participation to examine
whether a short and inexpensive 9 months PJT inter-
vention programme is positively associated with bone-
related variables and its metabolism in adolescent foot-
ballers, cyclists and swimmers.
The secondary aim of the study is to examine whether
the PJT programme stimulus is enough to counteract the
expected negative consequences of these non-osteogenic
sports in bone health and to follow-up the bone-related
variables and its metabolism over 12 months after the PJT
programme.
Methods/Design
Study design
PRO-BONE is a longitudinal design and involves four
cohorts of males aged 12–14 years at the beginning of
the study. These four cohorts consist of footballers, cy-
clists, swimmers and controls that will be followed over
a period of 33 months. The timeline of the PRO-BONE
study can be seen in Figure 1.
Sample size
The sample size has been calculated according to the
primary interest variable, TB BMD (of cyclists (aged
15.5 years) [39] in order to achieve 90% of statistical
power to detect differences in the contrast of the null
hypothesis H0: μ1 = μ2 through bilateral student t, dif-
ference between two dependent means (matched pairs).
Taking into account a significance level of 5% and as-
suming that the mean of the reference group 1.133 units
(SD = 0.127) and the mean of the experimental group is
1.002 units (SD = 0.093), it will be necessary to include 9
participants in the reference group and 9 participants in
the experimental group, totalling 18 participants. It is
known that the number of participants to recruit de-
pends also on potential withdrawals [or could use drop-
outs]: n’ = n/(1-p), so that if the withdrawals were 40%
the number of participants to be recruited would be n’ =
9/(1–0.4) = 15 in each group (e.g. 15 INT cyclists + 15
CON cyclists = 30 cyclists). Therefore, cyclists (n = 30),
footballers (n = 30), swimmers (n = 30) and controls (n =
15) will be recruited, yielding a total N = 105.
Recruitment of the participants
Participants and parents/guardians will be contacted via
advert flyers, posters and social media to participate in
this study and by contacting sport clubs and schools
from the South West of England. Where possible, a
meeting will be held to explain the project as well as to
answer any questions. At the end of this meeting, con-
sent/assent forms and information sheets will be given
out and participants and parents/guardians will have
15 days to return the consent/assent forms. After these
15 days, a reminder (phone call or email) will be pro-
vided to those not sending the consent/assent to check
if they wish to participate. Seven more days will be given
to those that agreed to participate and in the 2nd re-
minder, they will be asked to send the interest and con-
sent/assent forms signed.
Participants will be screened for eligibility, based on
the inclusion/exclusion criteria outlined below, by a
member of the research team depending on the informa-
tion provided in the interest form. If eligible, the base-
line assessment will be scheduled for the participant. All
participants and parents involved in this project will be
carefully informed about the risks and benefits of the
study and will be required to sign the approved assent
and consent forms before their visit to the laboratory at
the Children’s Health and Exercise Research Centre
(CHERC, University of Exeter).
Inclusion and exclusion criteria
Inclusion criteria include: 1) Males 12–14 years old, en-
gaged (≥3 h/week) in osteogenic (football) and/or non-
osteogenic (swimming and cycling) sports in the last
3 years or more; 2) Male adolescents 12–14 years old
not engaged in any of these sports (≥3 h/week) in the
last 3 or more years (control group).
Exclusion criteria include: 1) participation in another
clinical trial; 2) any acute infection lasting until < 1 week
before inclusion; 3) medical history of diseases or medi-
cations affecting bone metabolism or the presence of an
injury (before inclusion) that may affect participation in
their respective sports and/or any variable considered in
the present study (i.e. doing the PJT); 4) non-Caucasian
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participants. The latter is included since there are differ-
ences in body composition (bone, fat and fat-free mass)
and biochemical markers (i.e. osteocalcin) between
ethnic groups [62].
Ethics approval
The methods and procedures of the PRO-BONE study
have been checked and approved by: the Ethics Review
Sector of Directorate-General of Research (European
Commission, ref. number 618496), the Sport and Health
Sciences Ethics Committee (University of Exeter, ref. num-
ber 2014/766) and the National Research Ethics Service
Committee (NRES Committee South West – Cornwall &
Plymouth, ref. number 14/SW/0060). All data and informa-
tion obtained will be confidential and access to database
will be restricted to the researchers of the study. All mea-
surements will be carried out by qualified and experienced
researchers that will undergo a Disclosure and Barring
Service check for approval to work with young people.
Study protocol and measurements
Body composition
Anthropometry Stature (cm), seated height (cm) and
body mass (kg) will be measured by using a stadiometer
(Harpenden, Holtain Ltd, Crymych, UK; precision
0.1 cm; range 60–210 cm), a sitting height table
(Harpenden, Holtain Ltd., Crymych, UK; precision 0.1 cm;
range 32–109 cm) and an electronic scale (Seca 877, Seca
Ltd, Birmingham, UK; precision 100 g; range 2–200 kg)
respectively. Body mass index (BMI) will be calculated as
body mass (kg) divided by the height (m) squared.
Waist circumference will measured at the midpoint
between the lowest rib cage and the top of the iliac crest.
Hip circumference will be measured around the widest
portion of the buttocks. All measurements will be
undertaken by the same trained researcher using the
type Seca 201 measuring tape (Seca Ltd, Birmingham,
UK; precision 0.1 cm; range 0–205 cm). All anthropo-
metrical measurements will be performed three times
and the mean will be calculated. Pubertal maturation
will be self-reported by the participants during each visit
using adapted drawings of the five stages (Tanner) of pu-
bertal hair development [63].
Dual-energy x-ray absorptiometry Dual-energy x-ray
absorptiometry scanner (GE Lunar Healthcare Corp.,
Madison, WI, USA) will be used to scan participants at
four sites due to the evidence of site specific impact of
sports participation [64-66]: 1) LS (mean of L1-L4), 2)
right hip, 3) left hip, 4) TB. The DXA equipment will be
calibrated at the start of each testing day by using a LS
phantom as recommended by the manufacturer. The
body will be segmented in accordance to standard pro-
cedures to evaluate regional bone mass and fat distribu-
tion. The scan modes will be automatically selected by
the scanner software (standard or thick). All DXA scans
and analyses will be performed using the GE enCORE
software (2006, version 14.10.022).
Participants will be asked to remain still and they will be
scanned in the supine position. The BMC (g) and BMD
(g/cm2) with aged-matched Z-scores and age-matched %
will be obtained. For LS regions area (cm2), width (cm)
and height (cm) will be recorded and for TB regions, fat
mass (g), lean mass (kg) and body fat (% and kg) will be
obtained. Information about hip strength index, fat mass
ratios (trunk/total, legs/total, arms and legs/trunk), an-
droid and gynoid regions will also be obtained and have
been previously validated in adolescents [67].
Figure 1 PRO-BONE timeline. FOO: Football players; CYC: Cyclists; SWI: Swimmers; PJT: Plyometric Jump Training.
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This technique uses ionizing radiation that raises eth-
ical issues particularly for child participants. However,
this technique uses a minimal radiation dose (similar to
spending a day outside in the sunshine), and has been
widely used for research purposes with child participants
worldwide. The estimated lifetime risks of using GE
Lunar Prodigy DXA measurements in the paediatric
population was found to be negligible [68].
Air displacement plethysmography Body volume will
be measured with BodPod (Body Composition System,
Life Measurement Instruments, Concord, California,
USA) as it can effectively predict visceral adipose tissue
in children [69] and determine the changes of body fat
percentage over time [70]. Two measurements will be
performed and if there is a difference of more than
150 mL in body volume, a third measurement will be
taken. The equipment will be calibrated at the com-
mencement of each testing day following the manufac-
turer’s guidelines and using a cylinder of specific volume
(49.887 L). Participants will wear clothing according to
the manufacturer’s recommendation (a swimsuit and a
swim cap) to rule out air trapped in clothes and hair.
Participants will be weighed on the BodPod calibrated
digital scale and then will enter into the BodPod cham-
ber. During the measurements participants will be asked
to remain in a seated position and to breathe normally.
A mean value for body volume will be obtained follow-
ing the manufacturer’s recommendations [71] and this
value will be integrated into the calculation of lung vol-
ume. Percentage of TB fat mass will be calculated using
the equation reported by Siri [72,73].
Imaging bone ultrasonometer Qualitative ultrasound
measurements will be performed with a Lunar Achilles
Insight and the OsteoReport PC software version 5.x
+ (TM Insight GE Healthcare, Milwaukee, WI, USA).
This portable device measures bone stiffness using ultra-
sound waves and is considered a valid and radiation-free
method to assess bone health in children [74,75]. The
same device will be used throughout the study and cali-
bration will be carried out prior to each visit. A standard
procedure will be followed according to manufacturer’s
instructions. Participants will be placed on a stable chair
in a comfortable position directly in front of the Achilles
device. The position of the leg will rest lightly against
the calf support so the foot, calf and thigh are aligned
with the centre of the calf support and the positioner.
The qualitative ultrasound device provides three out-
come variables, the broadband ultrasound attenuation
(BUS), the speed of sound (SOS) and the stiffness index
(SI). The BUA indicates the absorption of sound waves
measured in decibels per megahertz. The SOS shows the
stiffness of a material by the ratio of the traversed
distance to the transit time, expressed in meters per sec-
ond. And the SI is calculated by a linear combination of
BUA and SOS: SI = (0.67 x BUA) + (0.28 × SOS) – 420.
The real-time image of the calcaneus and the region of
interest ensure that the measurement is precise [74].
Both feet will be measured twice and the mean of the
two measurements will be calculated and used for
statistical analyses.
Bioelectrical impedance analysis The portable BIA de-
vice (Tanita BF-350, Tokyo, Japan; range 2–200 kg; preci-
sion 100 g; body fat % range 1-75%; body fat% increments
0.1%) will estimate the percentage of body fat by using the
values of resistance and reactance. Participants will be
measured in a fasting state and will remove any metal ob-
jects and socks prior the measurements. They will be posi-
tioned on the posterior surface barefoot according to
manufacturer’s instructions. Despite the reported predic-
tion measurement error, BIA is considered a practical
method to assess body fat in addition to DXA and BodPod
in adolescents [76,77].
Biochemical markers and blood collection
The measurement of bone turnover markers, in addition
to the measurement of bone mass, is an interesting op-
tion to obtain a more dynamic picture of bone tissue,
with the advantage that can be repeated at short inter-
vals [78]. Therefore, the combination of both measures
(bone mass and bone metabolism) is essential to obtain
a better understanding on changes in the skeletal mass.
In this regard, the International Osteoporosis Founda-
tion and the International Federation of Clinical Chem-
istry recommended the use of serum procollagen type 1
aminoterminal propeptide (P1NP) and isomer of the
Carboxi-terminal telopeptide of type 1 collagen (CTX-1)
as markers for formation and resorption, respectively [79].
The role of vitamin D in bone metabolism is important
due to contribution of vitamin D in calcium homeostasis
and bone mineralization processes during growth. Assess-
ment of vitamin D levels can be achieved by measuring
the serum 25-hydroxyvitamin D [25(OH)D] in the blood
[80]. For the scope of the present study 25(OH)D will be
analysed as it has been shown to interact with PA to im-
prove bone mass in adolescents [14].
Blood samples will be collected between 8:00 am and
9:00 am following a 12-hour fast period. A research team
experienced in sampling techniques will collect capillary
blood samples (~1.2 mL) from a pre-warmed hand into
heparin fluoride coated microvettes (CB 300 tubes,
Sarstedt Ltd, Leicester, UK) that will be placed immedi-
ately on ice. The microvettes will be centrifuged at 1000 ×
G per min for 15 minutes at 4°C and plasma will be sepa-
rated in Eppendorf tubes of at least 60 μL, 110 μL and
60 μL and stored at −80°C for future analysis of P1NP,
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CTX-1 and 25(OH)D respectively. The CTX-1 and
25(OH)D biochemical markers will be analysed by using
IDS-iSYS CrossLaps (Immunodiagnostic Systems Ltd,
UK) and total P1NP by using ELISA kit (MyBioSource,
San Diego, California, USA).
Physical fitness assessment
A battery of tests will be used to assess attributes of
physical fitness that may play an important role in the
development of skeletal mass and strength during
growth and maturation. Cardiorespiratory fitness (aer-
obic performance) will be estimated using the 20 m
shuttle run test [81], which has been shown to be both
reliable and valid in youth [82]. The participants will be
tested at the end of the day following a standardized
warm up. They will be asked to run between two lines
set 20 m apart by following the pace of the audio signals
produced from a CD player. The starting speed will be
8.5 km∙h−1 and will be increased by 0.5 km∙h−1 each mi-
nute. The participants will be encouraged to continue
the test until they reach maximal effort. The test will
end when the participant fails to reach the line two con-
secutive times. The last completed shuttle will indicate
the score of the test.
The standing long jump test and the Abalakov jump
test will be performed at least half an hour before the
20 m shuttle run test and following a standardized warm
up and with 2 minutes rest between the two tests. The
starting position of the standing long jump test will be
exactly behind a line and with feet at shoulder’s width
apart. Participants will be allowed to swing their arms
during the eccentric contraction phase and they will be
advised to jump as far as possible in order to land with
both feet on a non- slippery hard surface. The distance
(cm) will be measured between the starting line and the
participant’s heels. Participants will perform the
Abalakov jump test on a jump mat (Probotics Inc.,
Huntsville, USA) after having received instructions as to
how much can they bend their knees and the position of
their arms, they will be asked to jump as high as pos-
sible. Then, they will be placed in a standing position
with their feet shoulder width apart at the jump mat.
For both muscular tests the participants will perform 1
familiarization effort and 2 maximal effort jumps. The
mean height and distance (in cm) of the maximal efforts
will be used as criterion of measure. The reliability of
both tests in adolescents was previously described and is
acceptable to be used in this population [83]. The order
of all the measurements for each testing day can be seen
in Figure 2.
Physical activity measurements
PA will be measured using two different methods: 1)
International Physical Activity Questionnaire and 2) a
wrist accelerometer (GENEActiv, GENEA, UK). The val-
idity and reliability of the accelerometer and of the Inter-
national Physical Activity Questionnaire has been
established previously in children and adolescents
[84,85]. GENEActiv accelerometers are waterproof so
are valid for the swimmers too. Both methods will be
used in order to obtain more precise data as, for ex-
ample, accelerometers do not properly measure PA in
cyclists as bouts of activity are not detected [86]. A diary
to complement accelerometer data will be administered
to the participants to obtain additional information such
as calcium and protein intake.
Dietary assessment Assessment of dietary intakes of
calcium, vitamin D and milk will be completed by using
two non-consecutive 24-h dietary recall questionnaires.
CompEat Pro software (Nutrition systems, VIS Visual
Information Systems Ltd., UK) will be used for the analysis.
Jumping intervention
Following 12 months of sport specific training, the ran-
domisation process will start in each sport group and par-
ticipants will be divided into two sub-groups to perform a
PJT programme as follows: 1) intervention programme
groups, (sport + PJT) and 2) sport groups (sport only). It
has been shown that 7 to 9 month PJT programmes can
effectively improve BMC and/or BMD at different skeletal
sites in children and adolescents and to maintain the ben-
efits for 3 years after the intervention [52,87]. Therefore, a
progressive PJT (~10 min/day) will be performed by inter-
vention groups 3 to 4 times/week (depending on progres-
sion) as shown in Table 1. Before the intervention, trained
staff will ensure that participants fully understand and cor-
rectly execute the different jumps and a research assistant
will meet with the participants to observe, demonstrate
and review the jumps. Participants will be instructed to
perform a number of countermovement jumps (CMJ) and
squat jumps (SJ) on a hard surface. Jumps will be per-
formed before and after school and before going to bed.
The CMJ will be performed by bending the knees prior to
the jump. The CMJ activates the stretch-shortening cycle
in the muscles, resulting in greater power production in
the legs compared to a SJ. For the SJ participants will
squat down until the knees are bent at 90 degrees, then
they will immediately jump vertically as high as possible,
landing back on the ground on both feet simultan-
eously. For this technique, the participant starts from
a stationary semi-squatting position, or pauses at the
lower level of the squat before jumping upwards. This
removes the factor of the stretch-shortening cycle.
The reliability and validity of the CMJ and SJ has
been previously reported [88,89].
These jumps are associated with important ground re-
action forces, i.e. for a countermovement it is about 5
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times body weight (BW), compared to 3.5 times BW for
jumping jacks. Similarly, the highest rates of change in
force are 493 times BW/s for the CMJ, as shown in an
independent sample of boys and girls [90]. A diary will
be used to record the number of jumps performed each
day. Both the intensity and number of jumps will be in-
creased progressively in 3 levels of 12 weeks each. Inten-
sity will be modified using ankle weights (from 1 kg at
level 1 to 2.5 kg at level 3). With this an increase in BW
between 2 to 5 kg will be achieved. In this regard, it has
been shown that adolescents with higher BMI have
higher levels of bone mass, because of the higher lean
mass that they develop as a consequence of their higher
fat mass [91].
Discussion
PRO-BONE will assess the longitudinal impact of osteo-
genic (football) and non-osteogenic (cycling and swim-
ming) sports on bone development in adolescents aged
12–14 years old. In addition, it will investigate whether a
simple, feasible and inexpensive PJT programme can im-
prove bone development and if the effects will be main-
tained a year after finishing the PJT programme. Several
investigations have been conducted in order to improve
bone health through exercise, strength, jumping or even
combinations among them [92]. However, to achieve im-
pact and gain acceptance, the intervention must be ef-
fective, simple to administer, feasible, inexpensive, short
in duration and possible to perform at any place [49].
PRO-BONE has been designed to meet all these require-
ments and follow-up its effects after the withdrawal of
the intervention.
Previous research has shown that exercise is positively
associated with bone health [93]. However, there are
some sports that due to the impact generated at the
skeletal sites may have a minimal or negative effect on
BMC and BMD [40,56]. As recent data have shown,
jump training is associated with increases in BMC and
BMD and may play an important role in the prevention
of osteoporosis [94]. It is well known that early preven-
tion is the most effective tool, therefore, it is crucial to
analyse the effect of PJT at an early stage (i.e. adoles-
cence). In this sense, it is important to examine if PJT
can counteract the potential negative consequences of
non-osteogenic sports on bone health and if there is
enough stimuli to increase BMC and BMD in adoles-
cents engaged in osteogenic sports.
PRO-BONE will employ different and well known
technological devices and methods such as DXA, BodPod,
imaging bone ultrasonometer and triaxial accelerometers
Figure 2 Order of the measurements for each testing day. DXA, dual energy x-ray absorptiometry; LS, lumbar spine; FN, femoral neck; TB, total
body; BIA, bioelectrical impedance analysis.
Table 1 Plyometric jump training progression
Level Exercise Ankle weights (kg) Repetitions 3Sets/day (4rest) 5Trainings/week Jumps/week
1 1CMJ - 10 3 3 180
2SJ - 10 3 3
Total level 1 (12 weeks) 180 x 12 = 2160
2 CMJ 1 10 4 3 240
SJ 1 10 4 3
Total level 2 (12 weeks) 240 x 12 = 2880
3 CMJ 2.5 10 4 4 320
SJ 2.5 10 4 4
Total level 3 (12 weeks) 320 x 12 = 3840
Total intervention (36 weeks) 8880
1Countermovement jump, 2Squat jump, 31 set = 10 CMJ + 10 SJ, 4Rest between sets = 30 seconds.
Rest between exercises = 1 minute, 5When 3 sets/day, jumps will be performed in the morning before going to school (1 set), after school (1 set) and before going
to bed (1 set). When 4 series, jumps will be performed in the morning before going to school (1 set), after school (2 sets) and before going to bed (1 set).
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among others. In addition, the PJT will include a progres-
sion in intensity with ankle weights to maximize the po-
tential to augment bone. PRO-BONE is timely as there is
a lack of studies analysing the effects of PJT on bone
health during the crucial this period of life. It represents a
golden opportunity to measure how a simple, feasible and
inexpensive PJT is associated with bone health in adoles-
cents engaged in different sports. It will also show if the
effect of this intervention differs between sports, expecting
a greater effect in cyclists and swimmers than footballers.
In addition, PRO-BONE will allow us to compare within
each group and investigate changes in body composition
in groups doing the PJT plus training vs groups only
training. Finally, PRO-BONE will examine whether
PJT has any additional effect on footballers. Football
is considered one of the most osteogenic sports, but
this type of intervention has not yet been studied.
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ABSTRACT
VLACHOPOULOS, D., A. R. BARKER, C. A. WILLIAMS, S. A. ARNGRIÇMSSON, K. M. KNAPP, B. S. METCALF, I. G.
FATOUROS, L. A. MORENO, and L. GRACIA-MARCO. The Impact of Sport Participation on Bone Mass and Geometry in Male
Adolescents.Med. Sci. Sports Exerc., Vol. 49, No. 2, pp. 317–326, 2017. Purpose: Exercise is an effective approach for developing bone
mass and adolescence is a key period to optimize bone health. However, sports-specific training may have different effects on bone
outcomes. This study examined the differences on bone outcomes between osteogenic (football) and nonosteogenic (swimming and
cycling) sports and a control group in male adolescents. Methods: One hundred twenty one males (13.1 T 0.1 yr) were measured: 41
swimmers, 37 footballers, 29 cyclists, and 14 controls. Dual energy X-ray absorptiometry measured bone mineral density (BMD) and
bone mineral content at lumbar spine, right and left hip, and total body. Hip Structural Analysis evaluated bone geometry at the femoral
neck. Quantitative ultrasound evaluated bone stiffness at both feet. Results: Footballers had significantly higher BMD at total body less
head (7%–9%), total hip (12%–21%), and legs (7%–11%) compared with all groups and significantly higher BMD at the femoral neck
than controls (14%). Cyclists had higher BMD at the trochanter (10%) and bone mineral content at the arms (10%) compared with
controls. Geometrical analysis showed that footballers had significantly higher cross-sectional area (8%–19%) compared with all groups,
cross-sectional moment of inertia (17%) compared with controls and section modulus compared with cyclists (11%) and controls (21%).
Footballers had significantly higher bone stiffness compared with all groups (10%–20%) at the dominant foot and (12%–13%) at the
nondominant foot compared with swimmers and controls. Conclusions: Adolescent male footballers exhibited higher bone density,
geometry, and stiffness compared with swimmers, cyclists and controls. Although swimmers and cyclists had higher bone outcomes
compared with controls, these differences were not significant. Key Words: ADOLESCENCE, BONE MASS, BONE GEOMETRY,
BONE STIFFNESS, EXERCISE
O
steoporosis is a disease characterized by reduced
bone mass and deterioration of bone microarchitecture,
resulting in increased risk of fragility fractures. Bone
mass acquisition during adolescence is not only an important
determinant of skeletal growth but also for reducing the risk of
osteoporosis later in life (20). In this regard, a 10% increase in
peak bone mass during adolescence might reduce the risk of
fracture later in life by 50% and delay the onset of osteoporosis
by 13 yr (27). Therefore, early prevention remains one of the
most prudent approaches to improve bone health status in later
adult life.
It is known that 20% of the variation in peak bone mass
can be explained by lifestyle factors, including physical ac-
tivity (PA) and diet (i.e., calcium and vitamin D intakes)
(18,36). In terms of PA, a favorable osteogenic response can
be obtained when high-impact, intensive, and weight-
bearing exercise is performed, due to the mechanical load
imposed on the bone tissue (14). For example, football is
considered an ‘‘osteogenic’’ sport and augments bone min-
eral density (BMD) and bone mineral content (BMC) at the
weight-bearing sites in early and late pubertal males (19). In
contrast, sports such as swimming and cycling have been
considered ‘‘nonosteogenic’’ (33), although the supporting
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evidence is unclear. Previous evidence found that adolescent
male swimmers to have lower adjusted BMC and BMD
compared with controls (10). A recent systematic review
concluded that swimmers have similar bone mass with sed-
entary controls (11). Similarly, although there are reports of
cycling showing no effect on bone-related outcomes in ad-
olescents, some studies suggest cycling during adolescence
may negatively impact bone health and compromise the
acquisition of a high peak bone mass (22). There is limited
evidence evaluating the effects of osteogenic and nonosteogenic
sports on bone outcomes in male adolescents, and further re-
search is needed to investigate this discrepancy in the literature.
With football, swimming, and cycling among the most
popular sports during childhood and adolescence in the
United Kingdom, understanding the contribution of these
sports to bone health is important. To date, studies evaluat-
ing bone-related outcomes in athletic groups have mainly
focused in BMD and BMC outcomes provided by dual-
energy X-ray absorptiometry (DXA). However, a more
comprehensive evaluation of bone structure, as well
researched can be obtained using the Hip Structural
Analysis (HSA) software from DXA (3). The parameters
obtained from HSA software reflect bone strength at the
narrow neck site of the clinical important site of the hip. A
previous study showed that adolescent female footballers
had greater hip strength compared with swimmers and con-
trols, whereas swimmers had lower bone mass at the narrow
neck than footballers and controls (9). Another method to
assess bone properties is quantitative ultrasound (QUS),
which is a nonradiation technique and provides measure-
ments of the bone stiffness changes at the calcaneus site.
Currently, there are no studies evaluating bone outcomes in
male adolescent athletes using a combination of DXA, HSA,
and QUS outcomes. Furthermore, there is a lack of consis-
tency when controlling for the use of confounding variables
in the assessment of bone outcomes in youth sports. This is
important because uncritical use of confounders can lead to
size-related artefacts (25). Previous studies typically use
confounders such as age, height, weight, calcium intake, fat
mass, fat-free mass and lean mass (17,39). However, the
most common inconsistencies observed in many studies are
the lack of consideration for size adjustments in adolescent
participants and the lack of site-specific adjustment of the
skeletal outcomes. Therefore, more studies are needed to
assess the bone outcomes by taking into account the relevant
confounders according to participant characteristics.
The effect of a PROgram of short bouts of exercise on
BONE health in adolescents involved in different sports
(PRO-BONE) study was designed to investigate whether the
bone properties, assessed by DXA, HSA, and QUS, differ
between 12- and 14-yr-old boys who perform osteogenic
(football) and nonosteogenic (swimming, cycling) sports in
comparison to a control group after controlling for a com-
prehensive set of confounders. We hypothesized that male
adolescent engaged in football will have higher bone out-
comes compared to those engaged in cycling and swimming
and compared with a control group, and that male adoles-
cent engaged in cycling and swimming will have similar
bone outcomes.
METHODS
Study design and participants. The study represents
a cross-sectional analysis of the baseline data derived from
the PRO-BONE study, which is a 33-month longitudinal
design including a 9-month jump intervention programme.
The purpose, methodology, and sample size of the PRO-
BONE study have been justified elsewhere (35). Data were
collected between autumn and winter 2014/2015 in 121
male adolescents: 41 swimmers, 37 footballers, 29 cyclists,
and 14 controls. The inclusion and exclusion criteria were:
1) boys 12–14 yr, engaged (Q3 hIwkj1) in osteogenic
(football) and/or nonosteogenic (swimming and cycling)
sports for the last 3 yr or more; 2) boys age 12–14 yr not
engaged in any of these sports (Q3 hIwkj1) in the last 3 or
more years (control group); 3) participants not taking part in
another clinical trial; 4) participants not having any acute
infection lasting until G 1 wk before inclusion; 5) partici-
pants had to be free of any medical history of diseases or
medications affecting bone metabolism or the presence of an
injury; 6) white ethnicity.
Participants were recruited from athletic clubs and schools
across the South West of England. Written informed consent
and assent forms were signed from parents and participants
accordingly, and all participants completed the first visit at
the research centre as part of the study. The methods and
procedures of the study have been checked and approved by:
1) the Ethics Review Sector of Directorate-General of Re-
search (European Commission, ref. number 618496), 2) the
Sport and Health Sciences Ethics Committee (University of
Exeter, ref. number 2014/766), and 3) the National Research
Ethics Service Committee (NRES Committee South West –
Cornwall & Plymouth, ref. number 14/SW/0060).
Anthropometry and sexual maturity. Stature (cm)
and body mass (kg) were measured by using a stadiometer
(Harpenden, Holtain Ltd, Crymych, UK; precision, 0.1 cm;
range, 60–210 cm) and an electronic scale (Seca 877, Seca
Ltd, Birmingham, UK; precision, 0.1 kg; range, 2–200 kg),
respectively. Body mass index was calculated as body mass
(kg) divided by the stature squared (m2). Sexual maturation
was self-reported using adapted drawings of the five stages
(Tanner) of pubic hair (30).
Dual energy X-ray absorptiometry. A DXA scanner
(GE Lunar Prodigy Healthcare Corp., Madison, WI) was
used to measure BMD (gIcmj2), BMC (g), bone area (BA)
(cm2), fat mass (g) and lean mass (g). Four scans were
performed to obtain data for the lumbar spine (LS, L1–L4),
right and left hip (including femoral neck, Ward triangle,
trochanter and shaft subregions; the mean of right and left
hip scans was used), and the total body scan. The total body
scan was then used to obtain data for specific regions, such
as arms, legs, pelvis, and total body excluding head. All DXA
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scans and subsequent in-software analyses were completed by
the same researcher, using the same DXA scanner and the GE
encore software (2006, version 14.10.022). The positioning of
the participants and the analyses of the results were un-
dertaken according to International Society of Clinical
Densitometry (4).
HSA. Using the HSA software, analyses were performed
at the narrow neck region across the narrowest point of the
femoral neck. The HSA program uses the distribution of
bone mineral mass in line of pixels across the bone axis to
measure the structural dimensions of bone cross sections (3).
The geometric properties of the bone were obtained and the
following variables used: 1) the cortical width neck (mm),
which is the narrowest width of the femoral neck; 2) the
diameter of the femoral neck (mm); 3) the cross-sectional
area (CSA) (mm3), which is the total bone surface area ex-
cluding the soft tissue area and the trabecular; 4) the cross-
sectional moment of inertia (CSMI) (mm4), which is an index
of structural rigidity and reflects the distribution of mass in
the centre of a structural element; 5) section modulus (mm3),
which is an indicator of maximum bending strength in a cross
section; and 6) the hip strength index, which is an advanced
feature that has been added to the more recent versions of GE
enCore software and indicates the risk of fracture forces gen-
erated during a fall on the greater trochanter and the CSA
short-term precision percentage coefficient of variation has
been reported to be between 2.4% and 7.9% (16).
QUS. QUS measurements were performed with a Lunar
Achilles Insight (TM Insight GE Healthcare, Milwaukee,
WI) and the OsteoReport PC (software version 5.x+). The
stiffness index is then calculated by a linear combination of
broadband ultrasound attenuation (BUA) and speed of
sound (SOS) as follows: stiffness index = (0.67  BUA) +
(0.28  SOS) j 420. Both feet were measured twice, and
the mean of the two measures was used for statistical anal-
yses of the dominant and nondominant foot. For the purpose
of this study, only stiffness index values were used. QUS is
considered a valid and radiation-free method compared with
DXA to assess bone health in children (2).
Physical activity and diet. PA was measured for seven
consecutive days by using wrist accelerometers (GENEActiv,
GENEA, UK). The validity and reliability of the accelerometer
has been established previously in children and adolescents
(24). Participants were instructed to place the accelerometer on
their nondominant wrist, and data were collected at 100 Hz.
Data were analyzed at 1 s epoch intervals to establish time
spent in different intensities. Time spent in moderate PA and
vigorous PA (VPA) was calculated using a cutoff point of
1140–3599 counts per minute and Q3600 counts per minute,
respectively (24). Moderate-to-vigorous PA (MVPA) was
calculated using a cut-off point of Q1140 counts per minute.
Weekly training hours were obtained by face to face questions
during the visit of the participants at the research centre.
Dietary calcium, vitamin D, and energy intake were
assessed using a 24-h food recall. The validity and reliability
of self-reported dietary intake has been previously reported
in children (37). Total energy, calcium, and vitamin D intake
were estimated using the CompEat Pro software (Nutrition
systems, VIS Visual Information Systems Ltd., UK).
Statistical analysis. Statistical analyses were performed
using the SPSS IBM statistics (version 21.0 for Windows,
Chicago, IL), and descriptive data are reported as mean and
SD. The distribution of the variables was checked and verified
using Shapiro–Wilk test, skewness and kurtosis values, visual
check of histograms, Q-Q, and box plots. The analysis of the
data was completed in two stages: 1) raw (unadjusted) data
using ANOVA with Bonferroni post hoc to detect between-
group differences on bone-related outcomes (DXA, HSA, and
QUS), and 2) adjusted data using one-way ANCOVA with
Bonferroni post hoc taking into account the following rele-
vant confounders: age, stature, region-specific lean mass
(trunk, total body, arms and legs), calcium intake, and MVPA
(12,13,32,37). A preliminary analysis showed maturation to
have no effect on bone outcomes after accounting for age and
thus was not included in the model. Percentages of dif-
ference between groups for all variables were used to
quantify the magnitude of the differences. Statistical signifi-
cance level was set at P G 0.05 and differences of P G 0.001
were also indicated.
RESULTS
Descriptive characteristics of the study sample. Table 1
presents the descriptive characteristics of the participants.
Swimmers were older, taller, heavier, and had more lean mass
than the footballers. Footballers spent more time doingMVPA
and VPA than swimmers and controls. Cyclists were older and
spent more time doing VPA than controls, and they also spent
more time doing MVPA and VPA than the swimmers. In
addition, swimmers and footballers trained more hours on
average than the cyclists. Finally, controls had more fat mass
than all the other groups.
DXA region-specific BMD, BMC, and BA. Table 2
shows the raw differences for the four groups at different
sites. Controls had significantly lower BMD and BMC
compared with footballers (BMD, ranged from 6.7% to
30.1%; BMC, ranged from 18.1% to 52.4%), swimmers
(BMD, 10.9% to 17.9%; BMC, 26.7% to 57.1%), and cy-
clists (BMD, 8.3% to 17.9%; BMC, 21.0% to 40.9%) for all
sites except for the lumbar spine and arms. In addition,
controls had significantly lower BA compared with swim-
mers (BA, 11.6% to 37.8%). Footballers had 7.5%, 10.4%,
and 10.1% significantly higher BMD at total hip, trochanter,
and Ward triangle sites than the swimmers. In addition, they
had 7.8%, 10.4%, and 10.4% significantly higher BMD at
total hip, trochanter, and Ward triangle sites than the cy-
clists. Finally, swimmers had 6.1% significantly higher
BMD and 23.1% BMC than footballers at the arms as well
as 8.9%, 9.9%, and 17.7% greater BA at the shaft, lumbar
spine, and arms, respectively.
Figures 1, 2, and supplementary Table 1 (see Table,
Supplemental Digital Content 1, adjusted data for DXA
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region-specific BMD, BMC and BA, http://links.lww.com/
MSS/A756) present adjusted differences for the sports
groups at different sites compared to the control group. Once
the confounders were controlled for, differences remained
significant and higher mainly in the football group compared
with the other groups. More specifically, footballers had
significantly higher BMD (8.8% to 25.1%) and BMC (7.9%
to 29.5%) than controls at all sites except for the lumbar spine
and arms. In addition, footballers had significantly higher
BMD and BMC at all sites except for the lumbar spine and
arms than swimmers (BMD, 6.9% to 13.9%; BMC, 8.4% to
20.5%) and cyclists (BMD, 5.2% to 12.7%; BMC, 6.7% to
18.9%). BA of footballers was significantly higher at pelvis
site compared with the other groups (7.1% to 8.9%). Cyclists
had 10.3% significantly higher BMD only at the trochanter,
9.8% higher BMC, and 7.3% higher BA only at the arms
compared with controls. There was no significant difference in
the other skeletal sites between cyclists and controls. How-
ever, cyclists had nonsignificant higher bone outcomes
(BMD, 3.4% to 11.0%; BMC, 1.1% to 11.8%) in the most
sites of the skeleton. At lumbar spine, cyclist had nonsignifi-
cant lower BMC (j1.9%) compared with controls. No sig-
nificant difference was found between swimmers and controls
at any skeletal sites. However, swimmers had nonsignificant
higher bone outcomes in most skeletal sites (BMD, 0.3% to
9.7%; BMC, 0.8% to 10.8%). At the lumbar spine, swimmers
TABLE 1. Descriptive characteristics of the participants.
Parameters Swimmers (n = 41) Footballers (n = 37) Cyclists (n = 29) Controls (n = 14)
Age (yr) 13.4 (1.0)b,dd 12.8 (0.9) 13.2 (1.0)d 12.3 (0.5)
Stature (cm) 165.5 (9.7)bb,d 155.2 (9.3) 160.8 (9.9) 154.5 (9.9)
Body mass (kg) 52.4 (9.0)bb 44.3 (7.9) 49.5 (12.3) 48.3 (13.0)
BMI (kgImj2) 19.0 (1.7) 18.3 (1.4) 18.9 (3.3) 20.0 (3.4)
Lean mass (kg) 41.6 (9.1)b,dd 35.4 (7.2) 37.7 (7.5) 31.7 (5.5)
Fat mass (kg) 8.3 (3.2) 6.6 (2.4) 8.6 (7.2) 14.1 (8.5)a,bb,c
Percentage of body fat (%) 17.1 (7.1) 15.8 (5.6) 17.8 (8.9) 29.0 (10.5)aa,bb,cc
Weekly training (h) 9.5 (5.1)cc 10.0 (2.3)cc 5.1 (2.1) -
Pubertal maturation (I/II/III/IV/V) (%) (15/25/13/45/2) (24/35/24/16/0) (14/28/28/27/3) (29/21/21/29/0)
MVPA (minIdj1) 85.9 (30.4) 119.8 (29.7)aa,d 107.2 (33.3)a 83.2 (26.8)
VPA (minIdj1) 11.9 (7.3) 22.5 (9.0)aa,dd 18.5 (12.8)a,d 8.9 (4.0)
Energy intake (kcalIdj1) 2084.5 (560.6) 2093.7 (755.4) 2219.8 (843.4) 1748.9 (434.6)
Calcium intake (mgIdj1) 988.8 (429.7) 1017.9 (504.5) 1014.9 (601.9) 881.5 (380.7)
Vitamin D intake (KgIdj1) 1.84 (1.5) 1.82 (1.89) 1.95 (1.69) 1.52 (1.39)
Values presented as mean T SD.
Superscript letters denote a higher significant difference with: a (swimmers), b (footballers), c (cyclists), d (controls), a,b,c,dP G 0.05, aa,bb,cc,ddP G 0.001.
BMI, body mass index.
TABLE 2. Raw data for DXA region-specific BMC (g), BMD (gIcmj2), and area (BA, cm2) of all participants.
Parameters Swimmers (n = 41) Footballers (n = 37) Cyclists (n = 29) Controls (n = 14)
TBLH BMD 0.918 (0.067)d 0.931 (0.071)dd 0.905 (0.086)d 0.828 (0.071)
BMC 1630.66 (333.56)d 1473.49 (338.60) 1498.27 (362.08) 1234.38 (347.86)
BA 1762.63 (250.99)b,d 1564.89 (248.35) 1636.10 (261.69) 1469.43 (300.17)
Total hip BMD 0.962 (0.107)dd 1.034 (0.085)a,c,dd 0.959 (0.114)dd 0.830 (0.116)
BMC 28.87 (5.52)dd 28.78 (6.18)dd 27.59 (5.97)d 21.12 (5.55)
BA 29.86 (3.83)d 27.60 (4.21) 28.54 (3.86) 25.14 (3.79)
Femoral neck BMD 0.948 (0.098)d 1.001 (0.081)dd 0.975 (0.192)d 0.832 (0.118)
BMC 4.46 (0.65)dd 4.53 (0.74)dd 4.40 (0.79)d 3.52 (0.73)
BA 4.70 (0.43)d 4.51 (0.46) 4.61 (0.43)d 4.21 (0.45)
Ward_s triangle BMD 0.928 (0.111)d 1.022 (0.096) a,c,dd 0.926 (0.127)d 0.799 (0.120)
BMC 2.31 (0.49)d 2.40 (0.59)dd 2.23 (0.55)d 1.64 (0.45)
BA 2.48 (0.43)d 2.34 (0.44) 2.40 (0.42) 2.04 (0.36)
Trochanter BMD 0.799 (0.089)dd 0.882 (0.078)aa,cc,dd 0.799 (0.108)dd 0.678 (0.098)
BMC 9.08 (2.41)d 9.31 (2.67)dd 8.61 (2.39)d 6.11 (2.17)
BA 11.26 (2.30)d 10.41 (2.34) 10.66 (2.15) 8.82 (2.12)
Shaft BMD 1.100 (0.140)d 1.170 (0.109)dd 1.090 (0.132)d 0.941 (0.150)
BMC 15.33 (2.62)dd 14.94 (2.97)dd 14.58 (2.98)d 11.49 (2.74)
BA 13.91 (1.36)b,d 12.67 (1.65) 13.27 (1.51) 12.11 (1.49)
Lumbar spine BMD 0.892 (0.114)d 0.883 (0.095) 0.867 (0.122) 0.791 (0.101)
BMC 43.26 (11.21)d 38.54 (8.93) 39.50 (11.04) 32.64 (8.67)
BA 47.94 (7.37)b,d 43.17 (8.82) 44.88 (6.99) 40.79 (6.99)
Arms BMD 0.784 (0.071)b,dd 0.736 (0.047) 0.747 (0.069)d 0.690 (0.049)
BMC 244.93 (64.87)bb,dd 188.34 (48.05) 212.89 (59.27)d 155.89 (40.58)
BA 308.22 (58.14)bb,dd 253.62 (51.89) 281.00 (58.00)d 223.71 (45.67)
Legs BMD 1.091 (0.010)d 1.124 (0.106)dd 1.077 (0.116)d 0.975 (0.103)
BMC 779.05 (141.65)d 747.84 (175.02) 745.39 (179.21) 612.28 (179.74)
BA 709.83 (80.64)d 657.46 (96.32) 684.24 (108.91) 617.50 (102.23)
Pelvis BMD 0.994 (0.087)d 1.025 (0.103)dd 0.989 (0.130)d 0.888 (0.087)
BMC 246.55 (57.43)d 238.35 (63.80)d 227.93 (63.75)d 174.81 (45.97)
BA 245.85 (41.36)dd 229.19 (40.89)d 226.69 (37.38) 194.07 (34.96)
Values are presented as mean T SD.
Superscript letters denote a higher significant difference with: a (swimmers), b (footballers), c (cyclists) and d (controls). a,b,c,dP G 0.05 and aa,bb,cc,ddP G 0.001.
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had nonsignificant lower bone outcomes (BMD, j0.8%;
BMC, j4.6%) compared with controls. Cyclists and swim-
mers had similar BMD, BMC, and BA (j0.9% to 5.0%) with
no significant differences at any skeletal site.
Bone geometry—HSA. The adjusted geometrical dif-
ferences in narrow neck site between the groups are
presented in Figure 3, and the raw and adjusted values are
presented in supplementary Table 2 (see Table, Supplemental
Digital Content 2, raw and adjusted data for HSA and QUS,
http://links.lww.com/MSS/A757). Footballers had a signifi-
cantly higher CSMI than controls (17.4%), greater section
modulus than cyclists (10.7%) and controls (21.0%), signifi-
cantly higher CSA than swimmers (10.8%), cyclists (8.7%),
and controls (19.3%) and a significantly greater hip strength
index than swimmers (20.7%) and controls (38.9%). Cyclists
had only a significantly higher hip strength index compared
with controls (28.6%). Cyclists had nonsignificant higher
geometrical outcomes compared to controls (CSMI, 6.4%;
section modulus, 9.3%; CSA, 9.8%). Swimmers had nonsig-
nificant higher geometrical outcomes compared with controls
(CSMI, 7.8%; section modulus, 10.9%; CSA, 7.6%, hip
strength index: 15.1%). Cyclists compared with swimmers
had similar geometrical outcomes with minimal differences.
QUS. The adjusted bone stiffness values of the dominant
and nondominant foot are presented in Figure 4, and the raw
differences are presented at supplementary Table 2 (see
Table, Supplemental Digital Content 2, raw and adjusted
data for HSA and QUS, http://links.lww.com/MSS/A757).
Footballers had significantly higher bone stiffness in the
dominant foot than swimmers (13.4%), cyclists (10.3%),
and controls (20.1%). In addition, footballers had signifi-
cantly greater bone stiffness than swimmers (12.2%) and
FIGURE 1—Difference (%) in adjusted BMD, BMC, and BA between the sports groups and controls at the total body less head and hip sites. Letters
denote a significant difference with: a (swimmers), b (footballers), c (cyclists) and d (controls). a,b,c,dP G 0.05 and aa,bb,cc,ddP G 0.001.
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controls (12.9%) at the nondominant foot. No significant dif-
ferences were found between dominant versus nondominant
foot within each group of participants. Cyclists had higher
(nonsignificant) stiffness index compared to controls in both
dominant (8.9%) and nondominant foot (5.3%). Swimmers
had higher (nonsignificant) bone stiffness at the dominant
(5.9%) and the nondominant (0.7%) foot. Cyclists compared
with swimmers had higher (nonsignificant) bone stiffness at
the dominant (2.7%) and the nondominant (4.4%) foot.
DISCUSSION
The key findings from this study are: 1) footballers
presented greater adjusted BMD and BMC including clinical
relevant sites, an enhanced hip structural geometry at the
narrow neck and a greater bone stiffness index compared to
swimmers, cyclists, and controls; and 2) swimmers and cy-
clists had similar bone mass, geometry, and bone stiffness
and both groups had higher but not significant bone out-
comes compared to controls. The impact of osteogenic
(football) and nonosteogenic sports (swimming and cycling)
on bone-related outcomes has not previously been compared
in adolescent male athletes, and there is equivocal evidence
on the effects of these sports on bone outcomes (10,22,34).
To date, there are no studies published using a combination
of methods, such as DXA, HSA, and QUS, to assess bone
outcomes in this population, and there is a lack of studies
taking into consideration the relevant confounders based on
the characteristics of the groups studied. The findings of the
present study therefore provide a more comprehensive as-
sessment into the effect of sports participation on bone
outcomes in male adolescents.
Bone outcomes in footballers versus controls.
Participation in osteogenic sports during adolescence can in-
duce greater adjusted BMD compared with leisure active
controls at many sites of the skeleton due to the mechanical
loading applied (17). A previous study reported a 10.7% and
10.5% higher adjusted BMC at the total hip and lumbar spine,
respectively, in prepubescent male football players (n = 39)
compared with active controls (n = 13) (40). The magnitude
of the differences might differ among studies due to the use of
different confounders and the characteristics of the participants.
FIGURE 2—Difference (%) in adjusted BMD, BMC, and BA between the sports groups and controls at the lumbar spine, pelvis, arms,
and legs. Letters denote a higher significant difference with: a (swimmers), b (footballers), c (cyclists) and d (controls). a,b,c,dP G 0.05 and
aa,bb,cc,ddP G 0.001.
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In parallel with the findings for BMD and BMC, the
geometrical adaptations examined by HSA at the narrow neck
of the femoral neck also supported the higher bone geometry in
footballers (Fig. 3). One study in oligoamenorrheic female
athletes showed that engagement in weight-bearing sports for
4 hIwkj1 resulted in significantly higher CSMI and section
modulus compared to nonathletes (1), which is consistent
with the improved structural rigidity we found in footballers.
Previous studies using QUS technique observed positive
associations between PA and calcaneal bone stiffness index
in a sample of Flemish children and adolescents (5). Our
results are in agreement with a study reporting that child and
adolescent football players have significantly higher QUS
parameters at lower extremities compared with age-matched
controls (7).
Bone outcomes in swimmers versus controls. A
recent meta-analysis of 14 studies summarized that swimming
does not induce improvements in BMD during childhood and
adolescence, and that swimmers present similar BMD com-
pared with sedentary controls (11). We found that similar BMD
and BMC between swimmers and active controls concurs with
this meta-analysis, which presents neutral effects of swimming
on BMD and BMC at most skeletal sites of the skeleton com-
pared with active controls. The latter could be due to the fact that
swimmers and controls have similar bone profile as muscle
contraction is not enough to produce bone adaptations (17).
The HSA at the narrow neck site showed that adolescent male
swimmers have similar bone geometry parameters compared
with active controls. To our knowledge, there is no previous
evidence using theHSA technique in adolescentmale swimmers.
Only one study have used HSA in elite adolescent female
swimmers and showed that they had similar bone geometry
compared with controls (17). The latter study highlighted the
importance of lean body mass because it was highly correlated
with CSA and hip strength index.
Regarding QUS, we found similar bone stiffness index in
both dominant and nondominant foot of swimmers compared
with controls. A previous study in adolescents reported similar
QUS parameters between swimmers and controls and indicated
FIGURE 3—Percentage of difference in adjusted geometrical parameters of the narrow neck site between groups. Neck width (mm), *P G 0.05 and
**P G 0.001. FN, femoral neck.
FIGURE 4—Difference (%) in adjusted stiffness index (SI) (mean T SE)
between the sports groups and the controls at the dominant and
nondominant foot. Letters denote a higher significant difference with:
a (swimmers), c (cyclists) and d (controls). a,b,c,dP G 0.05 and aa,bb,cc,ddP G
0.001. No differences observed between dominant and non-dominant
foot at the groups.
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that bone adaptations due to swimming might be counter-
balanced by other weight-bearing activities (up to 3 hIwkj1)
(10); however, this cannot be the case in our study because
the QUS parameters were controlled for MVPA.
Bone outcomes in cyclists versus controls. A
systematic review revealed that road cyclists did not have
any osteogenic benefits due to the nonmechanical loading
character of the sport (23). A previous study conducted in
adolescent female cyclists showed they had similar BMD
compared with nonathletic controls after adjusting for years
since menarche, lean mass, and sport specific training (6).
According to our study, the skeletal differences between
cyclists and active controls are site dependent and, more
specifically, we found significantly greater BMC at the
arms after controlling for region-specific lean mass and
MVPA among other confounding factors.
There is no previous evidence using HSA technique in
adolescent cyclists, and only a few studies used volumetric
bone parameters. One study conducted in adolescent female
cyclists found no significant differences in CSA and CSMI
in cyclists compared with controls (6), which is in accor-
dance with our study. However, it should be noted that in
our study the HSA revealed cyclists had significantly higher
hip strength index than controls (28.6%), something that was
not observed with BMD and BMC at any of the hip vari-
ables analyzed with DXA. This might be explained by the
fact that geometrical bone outcomes may differ from BMD
and BMC when using DXA.
The effect of cycling on bone properties using QUS has
not been previously evaluated and to the best of our
knowledge this study is first that provides evidence for this
population. We did not find differences on stiffness index
between cyclists and controls, but cyclist had nonsignificant
higher stiffness index in both the dominant (8.9%) and
nondominant (5.3%) foot compared with controls. Our re-
sults support the findings of previous studies that the loading
pattern of sports participation may influence the bone stiff-
ness index in adolescents (8).
Comparison of bone outcomes between foot-
ballers, swimmers, and cyclists. In the present study,
the comparison between osteogenic (football) and nonoste-
ogenic sports (cycling and swimming) showed that adoles-
cent male footballers had significantly greater adjusted
BMD and BMC compared with swimmers and cyclists at
all sites of the skeleton except for the lumbar spine and
the arms. A previous study in athletic female adolescent
reported that 3 hIwkj1 of football participation induced greater
improvements in height and lean mass adjusted BMD and
BMC compared with swimmers at femoral neck and other
sites of the skeleton (32). Only one study investigated the
effects on bone mass between adolescent male footballers
and swimmers and reported greater BMD at the femoral
neck site in the footballers (28). To our knowledge, no previous
evidence exists on the assessment of bone mass between
footballers and cyclists in adolescents. Only one study in chil-
dren reported positive associations between BMD and football
participation and negative associations found between BMD
and cycling participation (29).
In our study, there was no significant difference observed in
BMD and BMC between adolescent male swimmers and cy-
clists at any site of the skeleton. A recent review summarised
the impact of sport participation on peak bone mass, and it
reported that both swimming and cycling may not be associ-
ated with significant improvements in bone health (31). The
comparison of BMD and BMC between swimmers and cy-
clists has been assessed only once in female adolescents,
reporting similar values at all skeletal sites after taking into
account potential confounders (6). The differences observed
in the current study are likely to be explained by the non–
weight-bearing environment of both swimming and cycling
and by the mechanical loading of the skeleton according to
the impact of produced by the sports-specific patterns. In
addition, weight training and the plyometric exercises might
induce higher bone mass in adolescent athletes (15). A study
in adolescent swimmers has shown that participation of ado-
lescent swimmers in other weight-bearing sports or activities
involving plyometric exercises can induce higher BMD and
BMC (10). In our study, a subsample of our participants has
been asked about weight training, and we have shown that
almost all footballers were involved in plyometric exercise
training. A large number (70.7%) of the swimmers reported
participation in plyometric training, but only a few cyclists
(37.9%) were doing plyometric exercises. The participation in
plyometric training or other weight-bearing activities might
explain the difference on bone outcomes between adolescent
athletes and needs further investigation to quantify the impact
of weight training on bone outcomes.
In parallel with the BMD and BMC findings, the bone
geometry evaluated by HSA at the narrow neck of the
femoral neck was also higher in footballers compared with
swimmers and cyclists. Previous research in adolescent fe-
male footballers and swimmers showed that the CSA area
and section modulus were significantly higher in footballers
compared with swimmers at the narrow neck site which is in
agreement with our results (9). There is no evidence com-
paring football and cycling in children and adolescents and
the only evidence exists in young females (21–28 yr) which
found that footballers had approximately 10% higher CSA
compared with cyclists and after adjusting for age, weight, and
height, these results are in accordance with our findings (21).
In relation to QUS parameters, we found improved bone
stiffness in footballers compared with cyclists and swim-
mers at the dominant foot and higher bone stiffness in
footballers compared to swimmers at the nondominant
foot. Because there is no evidence using QUS in similar
age athletic groups, we identified a study in young adults
(18–22 yr) that reported higher bone stiffness in foot-
ballers compared with swimmers at the dominant and
nondominant heels (38) which complies with the findings
of the present study.
The strengths of the current study are 1) the investigation
of bone outcomes across three male adolescent athletic
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groups that were not compared before; 2) the combination of
DXA, HSA software, and QUS outcomes, which provides a
thorough insight of the differences in BMD, BMC, bone
geometry, and bone stiffness; 3) the rigorous methodology
and strong internal validity to control for specific con-
founders. It should be noted that the limitation of the cross-
sectional study precludes any determination of causality in
our findings. Nevertheless, our population had strict age
inclusion criteria and sport participation characteristics. The
limitations of the self-reported maturation assessment should
be noted. Most of the participants of our control group met
the physical activity guidelines due to inclusion criteria
used, but we know that most adolescents of this age do not
meet the guidelines (26). However, in this specific case, it
seems reasonable to propose that sport participation could
have different effects on bone-related outcomes depending
on the characteristics of the sport practiced. Therefore, more
studies are needed to focus on the determinants affecting
bone health for athletic groups during youth.
CONCLUSIONS
This study is the first to investigate the impact of weight-
bearing (football) and non–weight-bearing sports on bone out-
comes in male adolescents. The findings of this study indicate
that participation in weight-bearing sports, such as football, can
induce greater improvements in bonemass, bone geometry, and
stiffness index compared with non–weight-bearing sports, such
as swimming and cycling and compared with controls.
Swimmers and cyclists had similar bone outcomes, and
both groups had higher bone outcomes compared with
controls, but these differences were not statistically sig-
nificant. These findings add to the sport participation rec-
ommendations that specific musculoskeletal training may
affect the bone development during adolescence. Further
longitudinal analyses of the specific sports are needed for
this population to identify if these effects will be different
after a longer period of sports participation.
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ABSTRACT
VLACHOPOULOS D., E. UBAGO-GUISADO, A. R. BARKER, B. S. METCALF, I. G. FATOUROS, A. AVLONITI, K. M. KNAPP,
L. A. MORENO, C. A. WILLIAMS, and L. GRACIA-MARCO. Determinants of Bone Outcomes in Adolescent Athletes at Baseline:
The PRO-BONE Study.Med. Sci. Sports Exerc., Vol. 49, No. 7, pp. 1389–1396, 2017. Purpose: The determinants of areal bone mineral
density (aBMD) and hip geometry estimates in adolescent athletes are poorly understood. This study aimed to identify the determinants
of aBMD and hip geometry estimates in adolescent male athletes. Methods: One hundred twenty-one men (13.1 T 0.1 yr) were
measured: 41 swimmers, 37 footballers, 29 cyclists, and 14 controls. Dual energy X-ray absorptiometry measured aBMD at lumbar
spine, femoral neck and total body. Hip structural analysis evaluated hip geometry estimates at the femoral neck. Multiple linear
regression examined the contribution of the sports practised, stature, lean and fat mass, serum calcium and vitamin D, moderate to
vigorous physical activity, vertical jump and cardiorespiratory fitness with aBMD and hip geometry estimates. Results: Region-specific
lean mass was the strongest positive predictor of aBMD (A = 0.614–0.931) and football participation was the next strongest predictor
(A = 0.304–0.579). Stature (A = 0.235–0.380), fat mass (A = 0.189), serum calcium (A = 0.103), serum vitamin D (A = 0.104–0.139),
and vertical jump (A = 0.146–0.203) were associated with aBMD across various specific sites. All hip geometry estimates were
associated with lean mass (A = 0.370 - 0.568) and stature (A = 0.338–0.430). Football participation was associated with hip cross-
sectional area (A = 0.322) and moderate to vigorous physical activity (A = 0.140–0.142). Cardiorespiratory fitness (A = 0.183–0.207) was
associated with section modulus and cross-sectional moment of inertia. Conclusions: Region-specific lean mass is the strongest determinant
of aBMD and hip geometry estimates in adolescent male athletes. Football participation and stature were important determinants for aBMD
and hip geometry estimates, whereas the contribution of the other predictors was site specific.KeyWords: BODY COMPOSITION, BONE
MASS, LEAN MASS, PREDICTORS, SPORT PARTICIPATION
D
uring growth and maturation changes in bone density
and geometry occur to withstand the forces applied
through external loading of the skeleton (9). Peak
bone mass is achieved by early adulthood and is largely de-
termined by nonmodifiable genetic factors (4). However,
modifiable factors, such as nutrition (24) and physical activity
(11), are also known to alter peak bone mass. Exercise can
significantly enhance areal bone mineral density (aBMD) and
strength at loaded sites in children but not in adults (25).
Optimal bone development can be achieved with adequate
status of key nutrients, such as calcium and vitamin D, and
may attenuate exercise-induced adaptations of aBMD (15).
The type of sport practised can affect the skeletal development
differently depending on training characteristics (35). Partici-
pation in weight-bearing sports, such as football, is associated
with greater aBMD than non–weight-bearing sports, such as
swimming and cycling (8,38). However, it is poorly under-
stood why the differences exist between different athletic
groups and there is limited understanding of the determinants
of aBMD and hip geometry in adolescent male athletes.
Total body lean mass has a positive association with
aBMD in the growing skeleton (10) but controversy cur-
rently exists surrounding the association between fat mass
and aBMD (6). There is no evidence distinguishing the site-
specific effects of lean mass and fat mass on aBMD in ad-
olescent athletes and there are inconsistencies in the use
of confounders to adjust bone parameters in nonathletic
groups. Data on nonathletic female prepubescents indicate
that leg lean mass is the most important predictor of bone
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mineral content at the leg and FN sites (3). Although a
positive association between fat mass and aBMD has been
reported in nonathletic male and female adolescents (31),
this is explained by an increase in lean mass (12). To date,
there is no evidence explaining the effects of lean and fat
mass on bone outcomes in adolescent athletes, which is of
great interest due to the importance of body composition in
athletic groups. Cardiorespiratory fitness (CRF) and mus-
cular fitness (vertical jump) have also been found to be
positively associated with bone outcomes in nonathletic
adolescents (1,13), but their contribution on bone parameters
in adolescent athletes is poorly understood.
Geometric properties of the hip, such as cross-sectional
area (CSA), obtained by using hip structural analysis (HSA)
software, can provide further insight into the determinants of
bone hip geometry estimates (19). During growth, bones
adapt their geometry due to increases in stature, lean and fat
mass (3) and geometric parameters of the femur neck (FN)
are closely adapted to lean mass (27). The primary predictor
of bone hip geometry in nonathletic boys and girls is muscle
CSA, accounting for 10% to 16% of the variance (22),
whereas other factors, such as moderate to vigorous physical
activity (MVPA), can have a site-specific influence on bone
geometry (23).
As highlighted above, numerous factors have been shown
to be related to bone outcomes in nonathletic adolescents,
but the determinants of aBMD and hip geometry in adoles-
cent male athletes have yet to be comprehensively investi-
gated. Therefore, this study aims to provide novel insight
into the contribution of the independent predictors of sports
participation (football, swimming and cycling), stature,
region-specific lean and fat mass, serum calcium and vita-
min D, MVPA, muscular fitness and CRF (all adjusted by
each other) on aBMD and hip geometry estimates in ado-
lescent male athletes. It is hypothesized that football partic-
ipation, lean mass and stature would be the most important
determinants of aBMD and hip geometry estimates in ado-
lescent male athletes. It is proposed that other modifiable
factors (e.g., nutrition, MVPA and fitness) would have a
small but significant contribution on bone outcomes.
METHODS
Study design and participants. Participants com-
prised 121 male adolescents (41 swimmers, 37 footballers,
29 cyclists and 14 controls) participating in the PRO-BONE
(effect of a PROgram of short bouts of exercise on BONE
health in adolescents involved in different sports) longitu-
dinal study (39). The data in the current study are taken from
the baseline data of the PRO-BONE study and was com-
pleted between autumn and winter 2014/2015. The inclusion
and exclusion criteria were: 1) boys 12 to 14 yr old, engaged
(Q3 hIwkj1) in osteogenic (football) and/or nonosteogenic
(swimming and cycling) sports for the last 3 yr or more; 2)
active boys 12–14 yr old who were not engaged in football,
cycling and swimming (Q3 hIwkj1) in the last 3 or more
years but who were physically active (control group); 3) not
taking part in another clinical trial; 4) not having an acute
infection lasting until G 1 wk before inclusion; 5) to be free
of any medical history of diseases or medications affecting
bone metabolism; 6) to be white Caucasian.
Participants were recruited from athletic clubs and schools
across the southwest of England. Written informed consent
and assent forms were signed from parents and participants
accordingly and all participants completed the first visit at
the research centre as part of the study. The methods and
procedures of the study have been checked and approved by:
1) the Ethics Review Sector of Directorate-General of Re-
search (European Commission, ref. number 618496); 2) the
Sport and Health Sciences Ethics Committee (University of
Exeter, ref. number 2014/766) and 3) the National Research
Ethics Service Committee (NRES Committee South West –
Cornwall & Plymouth, ref. number 14/SW/0060).
Dual energy X-ray absorptiometry. A dual energy
X-ray absorptiometry (DXA) scanner (GE Lunar Prodigy
Healthcare Corp., Madison, WI) was used to measure
aBMD (gIcmj2), fat mass (g) and lean mass (g) at specific
regions of the body. Four scans were performed to obtain
data for the lumbar spine (LS, L1-L4), bilateral proximal
femora (the mean of both was used for the current analysis)
and the total body. The total body scan was then used to
obtain data for specific regions such as: arms, legs and total
body less head (TBLH). All DXA scans and subsequent in-
software analyses were completed by the same researcher,
using the same DXA scanner and the GE encore software
(2006, version 14.10.022).
Hip structural analysis. Hip geometry estimates at the
FN were determined using HSA software which analyses the
distribution of bone mineral mass in a line of pixels across
the bone axis. The hip geometry estimates of the bone were
obtained and the following variables used: 1) the cross sec-
tional area (CSA, mm2), which is the total bone surface area
of the hip excluding the soft tissue area and the trabecular
bone; 2) the cross-sectional moment of inertia (CSMI, mm4),
which is an index of structural rigidity and reflects the dis-
tribution of mass in the centre of a structural element; and 3)
section modulus (Z, mm3), which is an indicator of maxi-
mum bending strength in a cross section. The short term
precision percentage coefficient of variation of these vari-
ables has been reported to be between 2.4% and 10.1% (19).
Anthropometry, physical activity, and nutritional
markers. Stature (cm) and body mass (kg) were measured
using a stadiometer (Harpenden, Holtain Ltd, Crymych, UK)
and an electronic scale (Seca 877, Seca Ltd, Birmingham,
UK), respectively. Body mass index was calculated as body
mass (kg) divided by the stature (m) squared. Sexual matu-
ration was self-reported using adapted drawings of the five
stages (Tanner) of pubic hair (34).
Physical activity was measured for seven consecutive
days using validated wrist accelerometers (GENEActiv,
GENEA, UK) (7). Participants were instructed to place the
accelerometer on their nondominant wrist and data was
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collected at 100 Hz. Data were analyzed using a 1-s epoch
to establish time spent in MVPA using a cut-off point of
Q1140 counts per minute previously validated in youth (28).
Total serum levels of calcium and 25 hydroxyvitamin D
[25(OH)D] were analyzed. Serum samples were analyzed
by using ELISA kits (Abbexa Ltd., Cambridge, UK) for
25(OH)D and had a test range of 3 to 80 KgImLj1 and a
sensitivity of 1.2 KgImLj1 (inter-assay and intra-assay CVs:
5.7% and 9.5%, respectively). Total serum levels of cal-
cium was measured using direct colorimetric assay (Cayman
Chemical Company, MI) and had linear assay range of
0.25 to 10 mgImLj1 (inter-assay and intra-assay CVs: 8.1%
and 12.8%, respectively).
Physical fitness. The fitness tests used in the present
investigation have been shown to be reliable and valid in
youth (26). A counter movement vertical jump test was used
to provide an estimate of lower limb muscular power. The
jumps were performed on a jump mat (Probotics Inc.,
Huntsville, AL) which calculates jump height based on
flight time. Each participant performed three maximal ver-
tical jumps and the highest jump was used for the analysis.
Cardiorespiratory fitness was evaluated using the 20-m shut-
tle run test (21). The test ended when the participants failed to
reach the line on two consecutive occasions. The last completed
shuttle determined the score of the test and the number of
shuttles completed was taken as an indicator of CRF.
Statistical analyses. Data were analyzed using SPSS
IBM statistics (version 21.0 for Windows, Chicago, IL) and
descriptive data are reported as mean and standard deviation
(SD). The normal distribution of the raw variables and of the
regression model residuals was checked and verified using
Shapiro–Wilk test, skewness and kurtosis values, visual
check of histograms, Q-Q and box plots. Collinearity was
checked for the variables using the variance inflation fac-
tor (VIF) and tolerance levels. One-way ANOVA with
Bonferroni post hoc comparisons and W2 tests were used to
detect between-group mean differences for the descriptive
variables (Table 1).
Multiple linear regression analyses were used to examine
the contribution of sport participation, stature, lean mass, fat
mass, total calcium, 25(OH)D, MVPA, vertical jump, and
20-m shuttle run test to bone outcomes. The selection of the
predictors was based on their relationship with bone out-
comes (22,27,32). To account for the differences between
the sports groups a dummy variable was computed (foot-
ballers, swimmers, cyclists and controls) and controls were
selected as the reference group. In a preliminary analysis we
found that Tanner stage was not a significant predictor after
adjusting for stature and age and consequently was not in-
cluded in the model. All remaining predictors were entered
into the regression models simultaneously. For the multiple
linear regressions, the standardized regression coefficients
(A) are reported and significance was set at alpha level of
0.05. The squared semi-partial correlation coefficients (sr2)
were used to determine the contribution of each predictor in
the overall variance of the model after removing shared
contributions with other predictors.
RESULTS
Characteristics of the participants. The raw de-
scriptive characteristics of the participants and the differences
TABLE 1. Descriptive characteristics of the participants.
Characteristics All (n = 121) Swimmers (n = 41) Footballers (n = 37) Cyclists (n = 29) Controls (n = 14)
Age (yr) 13.1 (1.0) 13.4 (1.0)b,dd 12.8 (0.9) 13.2 (1.0)d 12.3 (0.5)
Stature (cm) 159.9 (10.6) 165.5 (9.7)bb,d 155.2 (9.3) 160.8 (9.9) 154.5 (9.9)
Pubertal maturation (I/II/III/IV/V) (%) (18/29/21/30/2) (13/25/13/46/3) (24/35/25/16) (13/28/28/28/3) (29/21/21/29)
Body composition
Body mass (kg) 48.7 (10.4) 52.4 (9.0)bb 44.3 (7.9) 49.5 (12.3) 48.3 (13.0)
BMI (kgImj2) 18.9 (2.3) 19.0 (1.7) 18.3 (1.4) 18.9 (3.3) 20.0 (3.4)
Lean mass (kg) 37.6 (8.4) 41.6 (9.1)b,dd 35.4 (7.2) 37.7 (7.5) 31.7 (5.5)
Fat mass (kg) 8.5 (5.5) 8.3 (3.2) 6.6 (2.4) 8.6 (7.2) 14.1 (8.5)a,bb,c
Micronutrient status
Total calcium (mgIdLj1) 9.98 (0.41) 10.01 (0.46) 9.97 (0.4) 9.94 (0.41) 10.0 (0.35)
25(OH)D (KgILj1) 14.13 (1.25) 13.75 (1.19) 14.44 (1.63) 14.38 (0.58) 13.92 (0.94)
Physical activity and fitness
MVPA (minIdj1) 101.3 (33.8) 85.9 (30.4) 119.8 (29.7)aa,d 107.2 (33.3)a 83.2 (26.8)
Vertical jump height (cm) 41.0 (6.7) 42.3 (6.9)d 41.4 (6.0)d 41.0 (6.8) 35.9 (5.8)
CRF (no. shuttles) 69.3 (24.2) 69.6 (20.3)dd 82.9 (17.6)a,c,dd 69.6 (21.2)dd 31.8 (16.1)
Weekly training (h) 7.5 (4.8) 9.5 (5.1)cc 10.0 (2.3)cc 5.1 (2.1) —
Bone mineral density (DXA)
TBLH BMD (gIcmj2) 0.908 (0.079) 0.918 (0.067)d 0.931 (0.071)dd 0.905 (0.086)d 0.828 (0.071)
Lumbar spine BMD (gIcmj2) 0.872 (0.112) 0.892 (0.114)d 0.883 (0.095) 0.867 (0.122) 0.791 (0.101)
FN BMD (gIcmj2) 0.9516 (0.110) 0.948 (0.098)d 1.001 (0.081)dd 0.975 (0.192)d 0.832 (0.118)
Total hip BMD (gIcmj2) 0.968 (0.119) 0.962 (0.107)dd 1.034 (0.085)a,c,dd 0.959 (0.116)dd 0.830 (0.116)
Legs BMD (gIcmj2) 1.084 (0.113) 1.091 (0.010) 1.124 (0.106) 1.077 (0.116) 0.975 (0.103)
Arms BMD (gIcmj2) 0.750 (0.068) 0.784 (0.071)b,dd 0.736 (0.047) 0.747 (0.069)d 0.690 (0.049)
Bone geometry (HSA)
CSA (mm2) 134.9 (22.7) 137.2 (20.2)dd 140.9 (20.4)dd 135.9 (22.7)d 109.8 (21.0)
Z (mm3) 530.9 (126.5) 558.3 (121.4)dd 548.1 (116.7)dd 530.8 (123.3)dd 395.0 (123.4)
CSMI (mm4) 8331.5 (2644) 8943.5 (2574)d 8471.6 (2607)d 8403.1 (2552)d 6020.7 (2673)
Values presented as mean T SD.
Superscript letters denote a higher significant difference with: a (swimmers), b (footballers), c (cyclists), d (controls), a,b,c,dP G 0.05, aa,bb,cc,ddP G 0.001.
BMI, body mass index; Z, section modulus; 25(OH)D, 25-hydroxyvitamin D.
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between sports groups are presented in Table 1. Swimmers
were significantly older, taller, heavier, and had more lean
mass than the footballers and controls, and cyclists were
significantly older than controls. All groups were similar for
total serum calcium and 25(OH)D. Swimmers had signifi-
cantly higher muscular and CRF than the controls. Foot-
ballers spent significantly more time in MVPA compared
with swimmers and controls and had a significantly higher
CRF compared with all the other groups. Cyclists had sig-
nificantly higher MVPA than swimmers and significantly
higher CRF than controls.
The raw unadjusted data showed that swimmers had
significantly higher aBMD at the arms compared with
footballers and higher aBMD at all sites except for the legs
compared with controls. Footballers had significantly higher
aBMD at TBLH, FN compared with controls and higher
aBMD at TH compared with all groups. Cyclists had sig-
nificantly higher aBMD at all sites expect LS and legs
compared with controls. Swimmers, footballers, and cyclists
had significantly enhanced hip geometry estimates compared
with controls.
Determinants of bone density and hip geometry
estimates. Multivariate regression models significantly
explained 49.0%–76.4% (on average, 60.0%) of the variance
in the aBMD outcomes (Table 2). Region-specific lean mass
and football participation were consistently the strongest
significant predictors of aBMD at TBLH, LS, TH, legs and
arms (A = 0.614–0.931, sr2 = 0.031–0.161, P G 0.01). Foot-
ball participation (compared with the control group) was
positively associated with aBMD at TBLH, FN, TH, and legs
(A = 0.304–0.579, sr2 = 0.031–0.068, P G 0.01). Stature was
positively associated with aBMD at FN and arms (A =
0.235–0.380, sr2 = 0.021, P G 0.05). Region-specific fat
mass was positively associated with aBMD at TBLH (A =
0.189, sr2 = 0.015, P G 0.05). Serum calcium was positively
associated with aBMD at the arms (A = 0.103, sr2 = 0.009,
P G 0.05). In addition, serum 25(OH)D was positively as-
sociated with aBMD at the arms and LS (A = 0.104–0.139,
sr2 = 0.009, P G 0.05). Muscular fitness was positively as-
sociated with aBMD at TBLH and LS (A = 0.146–0.203, sr2 =
0.010–0.019, P G 0.05). CRF was not associated with aBMD
outcomes at any skeletal site after accounting for the other
predictors.
In the multivariate regression analysis of the hip geometry
estimates (Table 3), the predictors explained 71.7%–77.8%
(on average, 75.7%) of the variance. Region-specific lean
mass was the strongest significant predictor and was posi-
tively associated with CSA, CSMI and section modulus
Z (A = 0.370–0.568, sr2 = 0.017–0.039, P G 0.05). Football
participation (compared with the control group) was positively
associated with CSA (A = 0.322, sr2 = 0.023, P G 0.01).
Stature was positively associated CSA, CSMI, and Z
(A = 0.338–0.430, sr2 = 0.017–0.025, P G 0.001). MVPA was
positively associated with CSMI and Z (A = 0.140–0.142,
TABLE 2. Multiple regression models for aBMD variables in adolescent male athletes.
Predictors A STD sr2 Values P Values Predictors A STD sr2 values P Values
TBLH aBMD (R2 = 0.75) Footballers 0.374 0.031 G0.001 Total hip aBMD (R2 = 0.53) Footballers 0.549 0.068 G0.001
Swimmers 0.077 0.002 0.404 Swimmers 0.161 0.007 0.211
Cyclists 0.139 0.006 0.114 Cyclists 0.212 0.014 0.080
Stature 0.056 0.000 0.662 Stature 0.216 0.007 0.215
Lean mass 0.617 0.045 G0.001 Lean mass 0.226 0.006 0.238
Fat mass 0.189 0.015 0.013 Fat mass –0.020 0.000 0.857
Calcium 0.082 0.006 0.125 Calcium 0.109 0.010 0.137
25(OH)D 0.083 0.006 0.120 25(OH)D 0.035 0.001 0.628
MVPA –0.003 0.000 0.955 MVPA 0.026 0.000 0.741
Vertical jump 0.146 0.010 0.043 Vertical jump 0.133 0.008 0.192
CRF 0.136 0.006 0.115 CRF 0.102 0.003 0.382
Lumbar spine aBMD (R2 = 0.59) Footballers 0.094 0.002 0.475 Legs aBMD (R2 = 0.75) Footballers 0.304 0.034 G0.001
Swimmers –0.061 0.001 0.603 Swimmers 0.024 0.002 0.689
Cyclists –0.008 0.000 0.945 Cyclists –0.061 0.003 0.347
Stature –0.090 0.001 0.582 Stature 0.068 0.001 0.596
Lean mass 0.703 0.058 G0.001 Lean mass 0.614 0.046 G0.001
Fat mass –0.014 0.000 0.885 Fat mass 0.147 0.008 0.067
Calcium 0.084 0.006 0.222 Calcium 0.055 0.003 0.305
25(OH)D 0.139 0.016 0.043 25(OH)D 0.067 0.004 0.212
MVPA 0.007 0.000 0.927 MVPA –0.021 0.000 0.711
Vertical jump 0.203 0.019 0.028 Vertical jump 0.107 0.005 0.153
CRF 0.000 0.000 1.000 CRF 0.153 0.008 0.076
Femur neck aBMD (R2 = 0.49) Footballers 0.486 0.053 0.001 Arms aBMD (R2 = 0.76) Footballers 0.140 0.004 0.161
Swimmers 0.131 0.005 0.326 Swimmers 0.170 0.008 0.058
Cyclists 0.208 0.013 0.099 Cyclists 0.158 0.008 0.066
Stature 0.380 0.021 0.038 Stature 0.235 0.013 0.016
Lean mass 0.052 0.000 0.792 Lean mass 0.931 0.161 G0.001
Fat mass 0.074 0.002 0.515 Fat mass 0.132 0.007 0.069
Calcium 0.077 0.005 0.311 Calcium 0.103 0.009 0.049
25(OH)D 0.015 0.000 0.847 25(OH)D 0.104 0.009 0.045
MVPA 0.039 0.001 0.635 MVPA –0.037 0.001 0.503
Vertical jump 0.184 0.015 0.083 Vertical jump 0.058 0.002 0.404
CRF 0.154 0.008 0.208 CRF 0.066 0.002 0.406
Boldface indicates P G 0.050.
A STD, standardized regression coefficient.
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sr2 = 0.014, P G 0.05). CRF was positively associated with
CSMI and Z (A = 0.183–0.207, sr2 = 0.011–0.014, P G 0.05).
DISCUSSION
The present study aimed to identify, for the first time, the
determinants of aBMD and hip geometry estimates in ado-
lescent male athletes involved in football, swimming, and
cycling. It has recently been shown that football has a ben-
eficial impact on bone outcomes in comparison to cycling
and swimming in male adolescents (38). However the de-
terminants responsible for these differences are not known
for this population. In support with our hypothesis, region-
specific lean mass was the primary explanatory variable on
aBMD and hip geometry estimates at most sites of the
skeleton. In addition, we found that only participation in
football was a significant predictor of aBMD and hip ge-
ometry estimates when contrasted to the control group. Fi-
nally, it was observed that modifiable factors such as
nutrition status (calcium and vitamin D), MVPA and phys-
ical fitness (vertical jump and CRF) had a small but signif-
icant contribution to bone density and hip geometry
estimates across specific sites of the skeleton.
Determinants of bone mineral density. The de-
terminants explained an important significant variance of
aBMD at different skeletal sites (49.0%–76.4%; average,
64.5%) with previous findings in nonathletic population
reporting that a similar model of determinants explained
40% to 83% of the variance in bone mineral content (BMC)
in prepubertal girls (3). Region-specific lean mass was
consistently the strongest determinant of aBMD at TBLH,
LS, legs, and arms. A previous study in nonathletic boys and
girls reported that total lean mass was the best predictor of
total body and lumbar spine aBMD, but they did not report
the relationship with other sites of the skeleton (6). Another
study in nonathletic children found that total lean mass was
the strongest predictor of the aBMD at total body and LS
(16). However the study did not distinguished the site-
specific relationship of lean and bone mass which was
considered in the present study. It is of great interest to un-
derstand the region-specific relationship of lean mass and
aBMD due to the site-specific adaptation of the skeleton
during external loading, specifically in athletic populations
(2). It is still not clear to what extent fat mass is associated
with aBMD in adolescents and especially after adjusting for
confounding factors. In our study, we found that region-
specific fat mass only had a positive association with TBLH
aBMD, suggesting that after accounting for other covariates
its influence on bone development in athletic male adoles-
cents is negligible, perhaps due to the strong effect of
region-specific lean mass. In addition, an increase in fat
mass in adolescent athletes can have a negative effect on
their performance (36).
Football participation was positively associated with
aBMD at TBLH, FN, TH, and legs. There was no significant
contribution of swimming and cycling in contrast to the
control group on aBMD at any sites of the skeleton. The
contribution of football on aBMD was independent of lean
mass and is likely to be explained by the intermittent and
high-intensity characteristics of football that can produce high
strains on the skeleton and stimulate bone mineral acquisition
(35). The concentric contractions during football generate
greater forces compared with cycling and swimming and this
might explain the increased skeletal loading in this group
(33). In addition, our findings show that stature was positively
significant associated with aBMD at the arms and FN. Simi-
larly with our results, previously it was found that stature had
a weak and site-specific relationship with BMC at different
skeletal sites in nonathletic children (16). The movement
characteristics of the sports practiced seems to be important
for bone acquisition and the present study found that football
participation is one of the most important determinants,
TABLE 3. Multiple regression models for bone geometry estimates in adolescent male athletes.
Predictors A STD sr2 P Predictors A STD sr2 P
CSA (R2 = 0.72) Footballers 0.322 0.023 0.004 Z (R2 = 0.78) Footballers 0.157 0.005 0.109
Swimmers 0.068 0.001 0.495 Swimmers 0.019 0.000 0.831
Cyclists 0.123 0.005 0.190 Cyclists 0.005 0.000 0.951
Stature 0.394 0.023 0.004 Stature 0.417 0.025 0.001
Lean mass 0.370 0.017 0.014 Lean mass 0.430 0.023 0.001
Fat mass j0.010 0.000 0.905 Fat mass j0.040 0.001 0.592
Calcium 0.025 0.001 0.657 Calcium 0.016 0.000 0.755
25(OH)D j0.038 0.001 0.498 25(OH)D j0.054 0.003 0.281
MVPA 0.103 0.008 0.093 MVPA 0.142 0.014 0.010
Vertical jump 0.029 0.000 0.713 Vertical jump j0.024 0.000 0.734
CRF 0.178 0.010 0.051 CRF 0.207 0.014 0.012
CSMI (R2 = 0.78) Footballers 0.064 0.001 0.506
Swimmers j0.030 0.000 0.732
Cyclists j0.038 0.000 0.645
Stature 0.338 0.017 0.005
Lean mass 0.568 0.039 G0.001
Fat mass j0.087 0.003 0.245
Calcium j0.011 0.000 0.820
25(OH)D j0.048 0.002 0.334
MVPA 0.140 0.014 0.011
Vertical jump j0.090 0.003 0.199
CRF 0.183 0.011 0.024
Boldface indicates P G 0.050.
A STD, standardized regression coefficient.
BONE OUTCOME DETERMINANTS IN YOUNG ATHLETES Medicine & Science in Sports & Exercised 1393
A
PPLIED
SC
IEN
C
ES
Copyright © 2017 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.
possibly because it includes high intensity concentric con-
tractions that can enhance aBMD in adolescents.
Both MVPA and nutrition (calcium and vitamin D) are
considered to be essential for optimal bone growth, but their
contribution was diminished once other factors (e.g., stature,
leanmass, sports participation) were considered. In the present
analysis, we found that blood serum calcium and 25(OH)D
had a small contribution on aBMD at the arms and only
25(OH)D contributed to aBMD at LS. Previous findings
indicated that dietary calcium and 25(OH)D can have a
weak, but significant contribution on specific sites of the
skeleton in adolescents (22). The sites of the skeleton,
such as arms, are less loaded through sport, and nutritional
factors may have a potential influence. The site-specific
relationship between nutrition and bone outcomes can be
attributed to the interactions of nutrients in relation to
bone health (17). In relation to the contribution of MVPA
and fitness on aBMD, we found that vertical jump height
was the only significant predictor of aBMD at TBLH and
LS. These findings show that overall MVPA does not appear
to be important once participation in a particular sport is
considered in the regression model. This suggests the char-
acteristics of the sport practised and the contribution of lean
mass mediates the relationship between fitness and bone
outcomes (37).
Determinants of hip geometry estimates. Using
the HSA method we showed that the multiple regression
model can explain a large proportion of the variance (71.7%–
77.8%; average, 75.7%) in geometrical parameters (CSA,
CSMI, Z ) at the narrow neck site of the hip. To the best of
our knowledge, this is the first study examining the de-
terminants of HSA outcomes in adolescent athletes. The
strongest predictor for the geometrical parameters was the
region-specific lean mass followed by stature. The contri-
bution of region-specific lean mass was consistent for all
the geometrical parameters. The findings of the present
study highlight the influence of region-specific lean mass
on hip geometry estimates during adolescence which is
linked with bone outcomes in young adulthood (2). Despite
the lack of significant association between region-specific
lean mass and aBMD at the FN and TH, all the geometrical
parameters of the narrow neck of the femur were signifi-
cantly associated with region-specific lean mass. This may
reflect previous work in children and adolescents showing
that HSA can provide more in depth geometrical evaluation
at the hip site compared with BMD outcomes (27). In ad-
dition, studies using peripheral quantitative computed to-
mography found that muscle cross sectional area was the
strongest predictor of bone strength parameters in early
pubertal boys and girls (22). The latter study highlighted the
importance of using site-specific lean mass to understand its
contribution to hip geometry estimates. On the other hand,
region-specific fat mass was not associated with any geo-
metrical parameters, and this is in agreement with findings in
nonathletic female adolescent indicating that fat mass was
not associated with CSA (29).
Stature was associated with all hip geometry estimates
showing that the size of an adolescent athlete plays an im-
portant role in modifying hip geometry estimates. A previ-
ous study reported that femoral length is one of the most
important predictors of CSA and Z in female adolescents (3),
highlighting the importance of bone length at the hip. In
addition, football participation was associated with CSA in
hip geometry estimates of female footballers (5). There was
no contribution of swimming and cycling on geometrical
parameters which is similar with the findings on aBMD
outcomes. The different contribution of stature and football
in geometrical parameters compared with aBMD parameters
might be due to fact that we used stature and not femoral
length to control for the size in geometrical parameters. Also,
the estimated geometrical parameters might not be affected
from the external loading that football applies at the narrow
neck site and higher forces might be needed (20).
All groups of the present study had similar serum levels of
calcium and vitamin D, and there was no association found
between serum levels of calcium and vitamin D and geo-
metrical bone outcomes, which is consistent with no con-
tribution of hip related aBMD outcomes in the present study.
In contrast, MVPA was a significant predictor of CSMI and
Z independent of the sport participation suggesting that
MVPA might induce changes in geometrical parameters and
not aBMD due to mechanical stimuli applied at the hip site
(23). The association between MVPA and bone outcomes
was evident for the geometrical parameters but not for the
aBMD parameters. This may be explained by previous
findings showing that geometrical adaptations can occur
before the adaptation of aBMD outcomes due to the initial
respond inside the bone to the change in external strains
(14,40). CRF was a significant predictor of CSMI and Z
after accounting for all the other predicting determinants, but
there was no association with vertical jump. The different
associations between fitness parameters and MVPA with
aBMD and the geometrical parameters might be attributed to
the sensitivity of the geometrical parameters of the hip to
detect changes (19). The bone structure at the hip and spe-
cifically CSA site might be associated with CRF due to the
use lower leg muscle units during the sport-specific move-
ments. The training characteristics are dominant in the
present study and our population was at the 75th percentile
for CRF compared with same age and ethnicity matched
population (30).
Limitations. To our knowledge, this is the first study
conducted in adolescent male athletes to examine the de-
terminants of aBMD and hip geometry estimates. A large list
of predictors has been included and their effects have been
adjusted by each other. In addition, the present study uses
region-specific lean mass as predictor of aBMD and hip
geometry estimates due to the site-specific adaptations of the
skeleton during exercise and growth (18). The cross-
sectional analysis of the present study is a limitation and
cannot prove cause and effect between the determinants and
bone outcomes studies. In spite of using DXA as a surrogate
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estimate of lean mass due to the two-component model,
DXA-derived lean mass has been found to be highly corre-
lated (r = 0.82) with muscle cross sectional area measured by
peripheral quantitative computed tomography (27).
CONCLUSIONS
The present study has shown, for the first time, the de-
terminants of aBMD and hip geometry estimates in adolescent
male athletes. Region-specific lean mass was consistently
the most important determinant of aBMD and hip geometry
estimates parameters in adolescent male athletes. Football
participation and stature were found to be important deter-
minants for the aBMD and HSA parameters, respectively.
Calcium and 25(OH)D had a small site-specific contri-
bution only on aBMD. MVPA and CRF positively influenced
only the geometrical parameters and vertical jump was
associated with aBMD parameters. Studies focusing on bone
outcomes of young athletes should account for the region-
specific lean mass differences due to the site-specific adap-
tations of the skeleton to external loading. Future practical
approaches of sports clubs should include weight-bearing
and muscle strengthening exercises, such as jumps, which
can optimize bone outcomes during the important period
of adolescence.
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ABSTRACT
Adolescence is a crucial period for bone development, and exercise can enhance bone acquisition during this period of life. However,
it is not known how the different loading sports practiced can affect bone acquisition in adolescent male athletes. Therefore, the
purpose of the present study was to determine the 1-year longitudinal bone acquisition among adolescent males involved in
osteogenic (football) and non-osteogenic (swimming and cycling) sports and to compare with active controls. A total of 116
adolescent males aged 12 to 14 years at baseline were followed for 1 year: 37 swimmers, 37 footballers, 28 cyclists, and 14 active
controls. Bone mineral content (BMC) was assessed using dual-energy X-ray absorptiometry (DXA); cross-sectional area (CSA), cross-
sectional moment of inertia (CSMI), and sectionmodulus (Z) at the femoral neck was assessed using hip structural analysis (HSA); and
bone texture of the lumbar spine was assessed using trabecular bone score (TBS). SerumN-terminal propeptide of procollagen type I
(PINP), isomer of the Carboxi-terminal telopeptide of type 1 collagen (CTX-I), total serum calcium, and 25 hydroxyvitamin
D [25(OH)D] were analyzed. Footballers had significantly higher adjusted BMC at the lumbar spine (7.0%) and femoral neck (5.0%)
compared with cyclists, and significantly greater BMC at the lumbar spine (6.9%) compared with swimmers. Footballers presented
significantly greater TBS (4.3%) compared with swimmers, and greater CSMI (10.2%), CSA (7.1%), Z (8.9%) and TBS (4.2%) compared
with cyclists. No differences were noted between cyclists and swimmers, both groups had similar bone acquisition compared with
controls. PINPwas significantly higher in footballers and controls compared with cyclists and swimmers (3.3% to 6.0%), and 25(OH)D
was significantly higher in footballers and cyclists compared with swimmers and controls (9.9% to 13.1%). These findings suggest
that bone acquisition is higher in adolescent male footballers compared with swimmers and cyclists at the femoral neck and lumbar
spine sites of the skeleton. © 2017 American Society for Bone and Mineral Research.
KEY WORDS: ADOLESCENCE; BONE MINERAL CONTENT; EXERCISE; HIP STRUCTURAL ANALYSIS; TRABECULAR BONE SCORE
Introduction
Puberty is a period of life associated with a rapid increase inbone mass.(1,2) Low bone mass during adolescence is
associated with increased fracture risk and osteoporosis later in
life.(3–5) The increasing prevalence of fractures for boys is
expected to increase by 24%,(6) and the economic burden of
fractures will cost £5465 (s6723) million per year by 2025.(7) The
childhood and adolescent years are critical for bone acquisition
with up to 43% of peak bone mass (PBM) acquired during the
5-year period surrounding the peak height velocity.(8,9) The
factors affecting PBM during growth include non-modifiable
factors, such as genetics,(10) and modifiable factors, such as
nutrition (eg, calcium and vitamin D)(11,12) and physical
activity.(13–15) Exercise and sports participation can enhance
bone mineral content (BMC) and bone mineral density (BMD)
during youth,(16,17) and the benefits can be maintained into
adulthood.(18,19) However, not all types of exercise and sports are
beneficial for bone development. Participation in football can
augment BMC at the loaded sites of the skeleton,(20,21) whereas
participation in swimming and cycling may have a negative or
no impact on bone outcomes,(22,23) which may predispose to a
suboptimal PBM.
With football, cycling, and swimming being among the most
popular sports globally,(24) there is limited evidence comparing
the impact of these sports on bone development.(25) To date,
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only cross-sectional studies have evaluated the impact of these
“osteogenic” and “non-osteogenic” sports on bone outcomes
compared with controls in adolescent males,(25–27) showing
higher bone outcomes in those participating in osteogenic
sports. However, despite controlling for important confounders,
the cross-sectional design precludes any determination of
casual relationship between the differences observed between
the groups.(28) Therefore, longitudinal studies that can identify
sport-specific bone development patterns may be appropriate
but are not available to date. Previous longitudinal studies
comparing bone acquisition between sports focused only on
females and include sports other than football, cycling, and
swimming.(17,29–31) A 1-year longitudinal study in adolescent
female athletes found that the osteogenic effect of rhythmic
gymnastics induced greater bone mass gain at loaded sites of
the skeleton compared with swimming participation.(17) The
investigation of females and specific weight-bearing sports
cannot allow generalization of the bone acquisition in adoles-
cent males or in other sports because of the fact that bone mass
gain depends on specific mechanical stimuli that differs
between the type of sports practiced during adolescence(32)
and because of the hormonal and body composition differences
between sexes.(33) In addition, there are no longitudinal studies
using a comprehensive analysis of important confounders, such
as lean mass and objectively measured moderate-to-vigorous
physical activity (MVPA),(34) comparing the effect of swimming,
football, and cycling participation on bone outcomes in
adolescent male athletes.
Most studies have used dual-energy X-ray absorptiometry
(DXA) to evaluate BMC, areal BMD, and bone area(16,20) because
of its low cost, radiation, and availability.(35) However, there are
few studies using techniques such as hip structural analysis
(HSA) to assess bone geometry estimates at the clinically
relevant site of the femoral neck in adolescents.(21,36) Previously,
8 months of football participation induced greater acquisition in
cross-sectional area (CSA), cross-sectional moment of inertia
(CSMI), section modulus, and subperiosteal width compared
with swimming participation in adolescent female athletes.(37)
However, there are no longitudinal studies available in
adolescent males. Moreover, there are no studies in adolescent
athletes using the recently developed trabecular bone score
(TBS), which can predict fracture risk(38) and fragility of the
lumbar spine.(39,40) Furthermore, there are no longitudinal
studies on the effects of sport participation on bone turnover
and nutrition markers, such as N-terminal propeptide of
procollagen type I (PINP), isomer of the Carboxi-terminal
telopeptide of type 1 collagen (CTX-I), total serum calcium,
and 25 hydroxyvitamin D [25(OH)D], which can further explain
bone formation and resorption in relation to the sports
practiced.(41–43)
Therefore, the scope of the present investigation was to
determine the longitudinal (1-year) differences on clinically
relevant DXA-measured BMC sites, hip geometry estimates, TBS,
and bone turnover and nutritional markers in adolescent male
athletes engaged in football, swimming, and cycling and active
controls aged 12 to 14 years at baseline.
Participants and Methods
Cohort and study design
The present study shows a 12-month longitudinal analysis of
sport participation as part of the longitudinal PRO-BONE (effect
of a PROgram of short bouts of exercise on BONE health in
adolescents involved in different sports) study, whose
purpose, methodology, and inclusion/exclusion criteria have
been described elsewhere.(44) For the present study, the
measurements completed at baseline (T0) in autumn/winter
2014–15 and 1 year later (T1) in autumn/winter 2015–16
(mean difference of visits¼ 1 year and 7 days). Five
participants were excluded in the present study because
they did not complete the second visit (n¼ 3) or they had
missing data in any of the variables included (n¼ 2). Therefore,
116 adolescent males (13.1 years 1.0 at T0 and 14.1
years 1.0 at T1) were included: 37 swimmers, 37 footballers,
and 28 cyclists engaged in these sports more than 3 hours per
week the last 3 or more years and 14 active controls not
engaged in these sports more than 3 hours per week the last 3
or more years.
Outcome measures: DXA, HSA, TBS, and biochemical
analyses
A DXA scanner (GE Lunar Prodigy Healthcare Inc, Wisconsin,
USA) was used to measure BMC (g), fat mass (g), and lean mass
(g). The lumbar spine (LS, L1 to L4) and bilateral proximal femora
scans were used to assess BMC. All DXA scans and subsequent
in-software analyses were completed by the same researcher,
using the same DXA scanner and the enCORE software version
14.10.022 (GE Healthcare Inc, Wisconsin, USA) following
previous guidelines.(35) The coefficient of variation was not
determined in the present study. Previous pediatric studies have
shown that the DXA percentage coefficient of variation (CV) was
between 1.0% and 2.9% depending on the region.(45)
The hip geometry estimates of the femoral neck were
obtained and the following variables used: 1) the CSA (mm2),
which is the total bone surface area of the hip, excluding the soft
tissue area and the trabecular bone; 2) the CSMI (mm4), which is
an index of structural rigidity and reflects the distribution of
mass in the center of a structural element; and 3) section
modulus (Z, mm3), which is an indicator of maximum bending
strength in a cross section. The CVs of these variables were
previously found to be between 7.9% and 11.7%.(46)
TBS is a DXA-based technological tool that provides an
indirect textural index of trabecular microarchitecture in the
lumbar spine and has been shown to significantly predict
fracture risk independently of BMC.(38) TBS assesses DXA images
of the lumbar spine scans using a gray-level analysis as the slope
at the origin of the log-log representation of the experimental
variogram.(47) All TBS analyses were performed by the same
trained researcher using the TBS iNsight Software (Medimaps,
research version 3.0, Pessac, France). The calculation was
performed at the lumbar spine region of interest as in the
BMC measurement. The CVs of TBS in relation to BMC has been
reported to be from 1.1% to 1.9%.(40)
Capillary blood samples were collected at a non-training
weekend day in the morning in heparin fluoride–coated
microvettes (CB 300 tubes, Sarstedt Ltd, Leicester, UK) and
centrifuged at 3000 rpm for 15 minutes at 4°C. Serum samples
were stored at –80°C until analysis in a single session. Total
serum levels of PINP, CTX-I, 25(OH)D, and total calcium were
analyzed following guidelines.(48) ELISA kits (Abbexa Ltd,
Cambridge, UK) for PINP (test range, 6 to 400 pg mL1;
sensitivity, 1.2 pg mL1; inter- and intra-assay CVs, 3.1% and
8.2%, respectively), CTX-I (test range, 0.1 to 7.0 ng mL1;
sensitivity, 0.03 ng mL1; inter- and intra-assay CVs, 4.9% and
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6.8%, respectively), and 25(OH)D (test range, 3 to 80 ng mL1;
sensitivity, 1.2 ng mL1; inter- and intra-assay CVs, 6.1% and
8.6%, respectively) were used. Total calcium serum was
measured using direct colorimetric assay (Cayman Chemical
Company, Ann Arbor, MI, USA) and had a sensitivity of
0.25mg dL1 and the absorbance was read at 570 to 590 nm
(inter- and intra-assay CVs, 5.1% and 7.3%, respectively).
Other measures
Stature (cm) and body mass (kg) were measured by using a
stadiometer (Harpenden, Holtain Ltd, Crymych, UK) and an
electronic scale (Seca 877, Seca Ltd, Birmingham, UK), respec-
tively. Sexual maturation was self-reported using adapted
drawingsof thefive stages (Tanner) of pubichair development.(49)
Daily habitual physical activity was measured for 7 consecu-
tive days at T0 and T1 using wrist accelerometers (GENEA,
Cambridgeshire, UK). The validity and reliability of the
accelerometer has been established previously in children and
adolescents.(50) Data were collected at 100Hz and analyzed at 1-
second epoch intervals to establish time spent in MVPA using a
cut-off point of1140 counts perminute previously validated in
youth.(50) Weekly training hours were obtained by face-to-face
interviews at T0 at T1.
Statistical analyses
Statistical analyses were performed using the SPSS IBM statistics
(version 21.0 for Windows, Chicago, IL, USA). Data were checked
for normality using Shapiro-Wilk’s test, skewness and kurtosis
values, and presented as mean and standard deviation. Data
analysis was completed in two stages: 1) unadjusted data using
one-way analysis of variance (ANOVA) with Bonferroni post hoc
comparisons and chi-square tests used to detect between-
group differences on bone outcomes (DXA and HSA, TBS) and
biochemical markers, and 2) adjusted data using one-way
analysis of covariance (ANCOVA) with Bonferroni post hoc to
detect the differences between the groups at T1 using age,
height, lean mass, MVPA, and the bone outcomes at T0 as
covariates.(14,34,51) Preliminary analyses showed that bone
outcome results did not change when maturation stage was
used as a confounder instead of age. Thus maturation was not
included in the model. Percentages of differences between
groups for all variables were calculated. Significance was set at
p< 0.05 and p< 0.01.
Results
Table 1 presents the descriptive characteristics of the partic-
ipants at T0 and T1. At T1, swimmers were older, taller, heavier,
and had more lean mass than the footballers. Swimmers were
more mature than footballers and controls. Swimmers trained
more hours and years than cyclists. Footballers spent more time
doing MVPA than swimmers and controls. In addition, foot-
ballers trained more hours and years than cyclists and
swimmers. Cyclists were older than controls. Cyclists spent
more time doing MVPA compared with swimmers and controls.
Controls had more body fat percentage than all the sport
groups. From T0 to T1, all the descriptive characteristics for all
groups increased significantly except body fat percentage,
which reduced significantly in the sport groups, and MVPA,
which decreased significantly in all groups. Results of unad-
justed bone outcomes are presented in Supplemental Table S1.
Longitudinal adjusted differences in BMC acquisition
between groups
BMC-adjusted results for lumbar spine and femoral neck are
presented at Fig. 1 and Table 2. At T1, footballers presented
significantly greater BMC at the lumbar spine (7.0%) and femoral
neck (5.0%) compared with cyclists. Also, footballers had
significantly greater BMC at the lumbar spine (6.9%) and a
similar BMC at the femoral neck (2.3%) compared with
swimmers. Footballers had higher but not significant BMC at
the lumbar spine (6.0%) and femoral neck (2.7%) compared with
controls at T1. Cyclists had similar BMC at the lumbar spine
(–1.0%) and femoral neck (–2.3%) compared with controls.
Swimmers had similar BMC at the lumbar spine (–0.8%) and
femoral neck (0.4%) compared with controls. In addition,
swimmers had similar BMC at the lumbar spine (0.2%) and
femoral neck (2.7%) compared with cyclists.
Longitudinal adjusted differences in HSA and TBS
acquisition between groups
Results of adjusted bone geometry acquisition are presented at
Fig. 2 and Table 2. At T1, footballers presented significantly
greater TBS (4.3%) compared with swimmers, greater CSMI
(10.2%), CSA (7.1%), Z (8.9%), and TBS (4.2%) compared with
cyclists, and similar CSMI, CSA, Z, and TBS compared with
controls (2.6% to 7.8%). In addition, swimmers had similar CSMI,
CSA, and Z (1.0% to 4.2%) and similar TBS (–0.1%) comparedwith
cyclists. Swimmers had similar CSMI, CSA, and Z (–0.1% to 0.7%)
and non-similar TBS (–1.6%) compared with controls. Finally,
cyclists had similar CSMI, CSA, Z, and TBS (–0.3% to –4.0%)
compared with controls.
Longitudinal bone turnover and nutrition marker
between groups
The biochemical markers are shown in Table 3 and Fig. 3. At T0,
there were no significant differences between the groups in any
of the biochemical markers. After 1 year of sport participation
(T1), bone formation (PINP) was significantly higher in foot-
ballers than swimmers (3.3%) and cyclists (6.0%). In addition,
footballers had significantly higher 25(OH)D compared with
swimmers (12.9%) and controls (13.1%). Cyclists had signifi-
cantly lower PINP than controls (5.1%), but they had significantly
higher 25(OH)D compared with swimmers (9.9%) and controls
(11.1%).
CTX-I (14.8%) and 25(OH)D (4.7%) significantly increased from
T0 to T1 in footballers, whereas PINP did not change compared
with the other groups. In swimmers, there was a significant
decrease in PINP (5.8%) and a significant increase in CTX-I (9.8%)
from T0 to T1. Similarly, in cyclists, PINP significantly decreased
(7.2%) and CTX-I non-significantly increased (4.3%) from T0 to
T1.
Discussion
To the best of our knowledge, this is the first longitudinal study
that has evaluated bone acquisition in adolescent male athletes
and used comprehensive methodology to assess bone status by
combining DXA, HSA, TBS, and biochemical markers. The main
findings of the present study show that: 1) the osteogenic
responses of football participation over 1 year induced
significantly greater bone acquisition in BMC, hip geometry
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estimates, and TBS comparedwith that of swimming and cycling
after accounting for relevant confounders; 2) participation in
cycling and swimming did not induce significant gains in any
bone outcomes and cyclists had similar bone acquisition
compared with controls; 3) footballers had significantly higher
PINP than both non-osteogenic sports and significantly higher
25(OH)D concentration compared with swimmers and controls
at T1, and PINP significantly decreased over time both in cyclists
and swimmers, whereas CTX-I significantly increased in
swimmers and footballers.
Table 1. Descriptive Characteristics of the Participants at Baseline and After 1 Year of Sport Participation
N¼ 116 Swimmers (n¼ 37) Footballers (n¼ 37) Cyclists (n¼ 28) Controls (n¼ 14)
Age (years)
T0 13.5 (1.0)b,dd 12.9 (0.9) 13.2 (1.0)d 12.3 (0.5)
T1 14.6 (1.0)b,dd,

13.9 (0.9) 14.2 (1.0)d,

13.2 (0.5)
Stature (cm)
T0 165.1 (9.7)bb,d 155.2 (9.3) 160.7 (10) 154.5 (9.9)
T1 171.6 (8.9)bb,dd,

162.7 (10.3) 166.6 (10.7) 160.7 (10.5)
Body mass (kg)
T0 51.9 (8.7)bb 44.3 (7.9) 49.3 (12.5) 48.3 (13.0)
T1 58.9 (8.2)b,

50.8 (9.7) 54.7 (12.5) 55.2 (15.6)
BMI (kg/m2)
T0 18.9 (1.6) 18.3 (1.4) 18.9 (3.3) 20.0 (3.4)
T1 19.9 (2.0) 19.0 (1.8) 21.0 (3.1) 21.0 (3.7)
Lean mass (kg)
T0 41.1 (9.0)b,dd 35.4 (7.2) 37.5 (7.5) 31.7 (5.5)
T1 47.8 (8.7)b,dd,

41.2 (9.2) 42.9 (8.2) 36.8 (7.1)
Body fat (%)
T0 17.3 (7.3) 15.7 (5.6) 18.0 (9.0) 29.0 (10.5)aa,bb,cc
T1 14.4 (6.4) 14.5 (6.0) 16.1 (9.2) 27.9 (10.9)aa,bb,cc
Tanner stages (%)
T0 (16/25/16/43/0) (24/35/24/16/0) (14/28/25/28/4) (29/21/21/29/0)
T1 (5/11/11/51/22)b,d,

(6/16/35/43/0) (7/11/14/57/11) (0/21/43/36/0)
Training (h/wk)
T0 9.4 (5.1)cc 10.0 (2.3)cc 5.2 (2.1) —
T1 8.9 (3.6)cc 9.4 (1.7)cc 5.6 (2.0) —
Years of training
T0 5.9 (2.5)cc 7.5 (2.3)a,cc 3.9 (1.3) —
T1 6.9 (2.5)cc,

8.5 (2.3)a,cc,

4.9 (1.3) —
MVPA (min/d)
T0 85.0 (30.9) 119.8 (29.7)aa,dd,

106.5 (33.7)a,

83.2 (26.8)
T1 62.9 (21.8) 92.4 (25.7)aa,dd 85.6 (21.8)aa,d 64.3 (18.1)
T0¼baseline values; T1¼ 1-year values; BMI¼body mass index; MVPA¼moderate to vigorous physical activity.
Values presented as mean SD.
Superscript letters denote a higher significant difference between sports: aswimmers, bfootballers, ccyclists, dcontrols, a,b,c,dp< 0.05, aa,bb,cc,ddp< 0.001,
and between T0 and T1 of each sport: p< 0.05, p< 0.001.
Fig. 1. Difference (%) in adjusted bone mineral content (BMC) between the sports groups and controls after 1 year. The results are adjusted for age,
height, lean mass, MVPA, and bone outcomes at baseline. Letters denote a significant difference with: a (swimmers), b (footballers), c (cyclists) and d
(controls). p< 0.05.
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Longitudinal BMC acquisition between groups
In the present study, footballers gained significantly higher BMC
at the lumbar spine compared with cyclists and swimmers and
also gained significantly higher femoral neck BMC compared
with cyclists. Also, footballers gained similar BMC than controls
at the lumbar spine and femoral neck. Previous evidence in
female footballers and swimmers aged 15.9 to 16.2 years
compared BMD gains after 8 months of training and found that
BMD at lumbar spine and hip was significantly increased in
footballers but not in swimmers,(37) which is in line with the
findings of the present study. The differences observed in BMC
acquisition among the sports groups in the present longitudinal
study might be explained by the loading patterns, such as
plyometric exercises, included in the football training that can
induce higher impact and bone adaptations in adolescent
athletes.(52) A different study in male footballers aged 12.9 years
showed that 1 year of football training induced significantly
higher gains in BMC at lumbar spine and total hip compared
with active controls aged 12.5 years,(20) which is similar with the
unadjusted findings of the present investigation. The similar
BMC between the non-osteogenic groups (swimmers and
cyclists) in the current study might be explained by the low
repeated loading applied in the skeleton during participation in
these sports, which might not be enough to produce positive
bone adaptations.(21)
Longitudinal HSA and TBS acquisition between groups
The present findings show that football participation for
1 year induced significantly greater acquisition in bone
geometry estimates compared with cyclists and that
participation in non-osteogenic sports induced similar
acquisition in bone geometry estimates compared with
controls. Previous findings in adolescent female footballers
and swimmers showed that 8 months of training in their
respective sports induced a significant increase in CSA of the
narrow neck in footballers compared with swimmers.(37) The
geometrical differences between footballers and cyclists in
the present study indicate that the continuous unloading
environment of cycling may delay the corticalization of the
bone structure despite the fewer hours of training in cyclists
compared with footballers (5.6 versus 9.4 hours). In swimmers,
the continuous unloading environment is present, but the
forces applied to the wall in every change of direction during
swimming may induce small adaptations to the femoral neck
site of the skeleton,(53) which might explain the non-
significant difference between footballers and swimmers at
the hip bone geometry estimates.
The present study also includes novel longitudinal findings
using TBS in adolescent athletes, showing that adolescent
footballers had significantly higher improvement in TBS score
compared with cyclists and swimmers. A recent cross-sectional
evaluation in adults showed that participation in repeated
moderate-impact loading sports may result in lower TBS score
and increased fracture risk compared with high-impact loading
sports.(54) The present study indicates that bone texture
acquisition at the lumbar spine may be affected from the
external loading environment after controlling for potential
confounders that have been shown to influence TBS.(39) It can be
speculated that the high-intensity loading impact during
football participation can result in better trabecular structure
at the lumbar spine because of the loading applied both in
vertical and horizontal directions.
Table 2. Adjusted Bone Outcomes Using DXA, HSA, and TBS at Baseline and After 1 Year of Sports Participation in Adolescent Males
N¼ 116 Swimmers (n¼ 37) Footballers (n¼ 37) Cyclists (n¼ 28) Controls (n¼ 14)
Lumbar spine (BMC, g)
T0 38.16 (0.89) 40.78 (0.91) 39.67 (0.96) 39.88 (1.47)
T1 46.10 (0.73) 49.27 (0.71)a,c 46.03 (0.77) 46.48 (1.18)
Femoral neck (BMC, g)
T0 4.22 (0.08)dd 4.68 (0.08)a,c,dd 4.28 (0.08)d 3.92 (0.12)
T1 4.89 (0.05) 5.00 (0.05)cc 4.76 (0.05) 4.87 (0.09)
CSA (mm2)
T0 131.4 (2.3) 157.0 (2.4)aa,c,dd 132.6 (2.4) 121.6 (3.7)
T1 148.0 (2.4) 144.5 (2.3)c 146.6 (2.4) 147.0 (4.0)
Section modulus (mm3)
T0 521.5 (12.0) 567.0 (12.1)c,d 511.7 (12.6) 479.4 (19.1)
T1 626.5 (12.8) 655.0 (13.1)c 601.4 (13.4) 626.5 (21.2)
CSMI (mm4)
T0 8113.5 (252.1) 8854.9 (254.0)d 7993.8 (264.8) 7527.2 (399.2)
T1 10301.7 (220.2) 11088.7 (219.5)c 10063 (229.4) 10284.3 (358.2)
Trabecular bone score
T0 1.372 (0.011) 1.428 (0.012)a,c 1.363 (0.013) 1.413 (0.019)
T1 1.365 (0.010) 1.423 (0.010)a,c 1.366 (0.011) 1.387 (0.016)
DXA¼dual-energy X-ray absorptiometry; HSA¼hip structural analysis; TBS¼ trabecular bone score; BMC¼bone mineral content; T0¼baseline
values; T1¼ 1-year values; CSA¼ cross-sectional area; CSM¼ cross-sectional moment of inertia.
Values are presented as mean SE.
Superscript letters denote a higher significant difference between sports: aswimmers, bfootballers, ccyclists, dcontrols, a,b,c,dp< 0.05 and aa,bb,cc,
ddp< 0.001.
At T0, bone outcomes were adjusted for age, stature, moderate to vigorous physical activity (MVPA), and lean mass. At T1, bone outcomes were
adjusted for age, stature, MVPA, lean mass, and for T0 bone outcomes.
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Fig. 2. Differences (%) in adjusted bone geometry estimates and trabecular bone score at the femoral neck and lumbar spine regions between the
groups after 1 year of sports specific training. The results are adjusted for age, height, region specific lean mass, MVPA and baseline values of bone
geometry estimates. CSMI: Cross sectional moment of inertia, CSA: cross-sectional area, TBS: Trabecular Bone score, Z: Section modulus. The figures
represent unadjusted results of participants of the same age, height and training hours. Significance at p< 0.05 and p< 0.01.
Table 3. Biochemical Markers at Baseline and After 1 Year of Sports Participation in Adolescent Males
N¼ 116 Swimmers (n¼ 37) Footballers (n¼ 37) Cyclists (n¼ 28) Controls (n¼ 14)
Serum calcium (mg/dL)
T0 10.04 (0.44) 9.97 (0.40) 9.96 (0.41) 10.01 (0.35)
T1 9.91 (0.52) 9.96 (0.39) 9.89 (0.32) 9.74 (0.53)
25(OH)D (ng/mL)
T0 13.73 (1.20) 14.44 (1.63) 14.39 (0.59) 13.92 (0.94)
T1 13.42 (0.89) 15.15 (1.17)aa,dd,

14.89 (1.13)aa,dd 13.40 (0.93)
PINP (pg/mL)
T0 355.15 (10.07) 352.04 (13.5) 350.83 (12.85) 350.11 (16.76)
T1 335.67 (18.04) 346.62 (18.16)a,cc 327.15 (14.15) 344.81 (14.56)cc
CTX-I (ng/mL)
T0 1.66 (0.25) 1.61 (0.29) 1.78 (0.19) 1.73 (0.23)
T1 1.84 (0.16) 1.89 (0.08) 1.86 (0.09) 1.85 (0.10)
T0¼baseline values; T1¼ 1-year values; 25(OH)D¼ 25-hydroxyvitamin D; PINP¼N-terminal propeptide of procollagen type I; CTX-I¼ carboxi-
terminal telopeptide of type 1 collagen.
Values are presented as mean SD.
Superscript letters denote a higher significant difference between sports: aswimmers, bfootballers, ccyclists, dcontrols, a,b,c,dp< 0.05, aa,bb,cc,ddp< 0.001,
and between T0 and T1 of each sport: p< 0.05, p< 0.001.
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Longitudinal changes in biochemical markers between
and within groups
PINP at T1 was significantly higher in footballers compared with
swimmers and cyclists, whereas the concentrations of PINP
significantly decreased in the non-osteogenic sports from T0 to
T1. In addition, CTX-I significantly increased in footballers and
swimmers fromT0 toT1. The longitudinal changes inPINPandCTX-
I suggest an increased bone turnover in footballers and increased
bone resorption in swimmers, which reflect the differences in bone
acquisition between the groups and indicate a contribution of
bone turnover on bone adaptations.(55) A previous longitudinal
study in females showed that gymnasts had significantly higher
bone formation (osteocalcin) levels than swimmers after 1 year of
participation and that the osteocalcin levels decreased in
swimmers but not in gymnasts.(17) The bone resorption findings
of the present study are in linewith aprevious longitudinal study in
peripubertal girls that did not find significant differences in bone
resorptionbetweengymnasts, runners, and controls after 1 year.(28)
Also, it has been previously shown that bone remodelingmight be
increasedbecauseofparticipation inhigh-intensityweight-bearing
activities during puberty,(56,57) which might explain the increased
bone remodeling in footballers.
Regarding the serum calcium and 25(OH)D, there were no
differencesbetweenorwithingroups in serumcalcium,whereas25
(OH)D levels were significantly higher in footballers and cyclists
compared with swimmers and controls at T1. In addition, 25(OH)D
significantly increased in footballers from T0 to T1, which may
partially contribute to the findings that bone resorption was not
affected in this groupas itwas in the swimmers. All participants had
insufficient 25(OH)D levels, which agrees with low 25(OH)D levels
previously reported in a European adolescent population.(58) The
higher25(OH)D levels in footballers andcyclistsmightbeexplained
by the higher exposure to sunlight during training in these sports,
althoughother parameters such as dietary intake and the sampling
period have been reported to affect 25(OH)D levels.(29)
Strengths and limitations
The present study includes the 1-year longitudinal evaluation of
bone acquisition in adolescent male athletes and a control
group that have never been compared before. In addition, the
combination of three different methods (DXA, HSA, and TBS) to
assess bone development adds novel findings to the literature
by showing for the first time that acquisition in HSA and TBS
parameters differs between adolescent male athletes in
Fig. 3. Differences in bone turnover and nutrition markers between the sports groups and controls after 1 year. 25 (OH) D: 25-hydroxyvitamin D, CTX-I:
Carboxi-terminal telopeptide of type 1 collagen (CTX-1), PINP: N-terminal propeptide of procollagen type I. Letters denote a significant difference with: a
(swimmers), b (footballers), c (cyclists) and d (controls) and  denoted a significant difference between T0 and T1 measurement time. Significance at
p< 0.05 and p< 0.01.
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osteogenic and non-osteogenic sports. Moreover, the serum
bone turnover markers used in this study have been previously
used in a pediatric population(42,55) and are recommended by
the International Osteoporosis Foundation and the International
Federation of Clinical Chemistry (IFCC)(48) in order to provide
additional information regarding the bone metabolism changes
due to the sports practiced. A limitation of the present study
might be the fewer hours of training in cyclists compared with
footballers and swimmers. However, the study has strong
internal validity because of the comprehensive inclusion criteria
and the objective control of potential confounders, such as
baseline bone values, lean mass, and MVPA measured by
accelerometers. The findings of the present study strongly
suggest that the type of exercise practiced during adolescence
can induce different bone acquisition on clinical relevant sites of
the skeleton, suggesting that weight-bearing activities should
be incorporated during adolescence to optimize peak bone
mass and reduce low bone status later in life.
Conclusions
This longitudinal study demonstrated for first time that bone
acquisition at clinically relevant sites, assessed by BMC, HSA
parameters and TBS, is higher in adolescent male footballers
compared with swimmers and cyclists. There was no difference
between the swimmers and cyclists, and cyclists had similar
bone acquisition compared with controls. Bone formation was
higher in footballers compared with swimmers and cyclists, and
vitamin D levels were higher in footballers and cyclists
compared with swimmers and controls. Bone formation
decreased over time in cyclists and swimmers but not in
footballers or controls, whereas bone resorption increased in
swimmers and footballers. These findings suggest that the
osteogenic 1 year of football participation is beneficial for bone
acquisition and that participation in non-osteogenic sports is
not enough to induce positive bone adaptations. Therefore,
programs to improve bone outcomes of non-osteogenic
athletes during adolescence are required. Further research
with longer follow-up needs to address whether the observed
changes in this study translate into better bone health in
footballers compared with swimmers and cyclists, which could
have important training implications for non-osteogenic sports.
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Abstract 
 
Objectives: Research investigating the longitudinal effects of the most popular sports on bone 
development in adolescent males is scarce. The aim is to investigate the effect of 12-month 
participation in osteogenic and non-osteogenic sports on bone development. 
Design: A 12-month study was conducted in adolescent males involved in football, swimming and 
cycling and compared with an active control group. 
Methods: 116 adolescent males (13.1±0.1 years at baseline): 37 footballers, 37 swimmers, 28 cyclists 
and 14 active controls were followed for 12 months. Bone mineral content (BMC) was measured by 
dual-energy x-ray absorptiometry, and bone stiffness was measured by quantitative ultrasound. Bone 
outcomes at 12 months were adjusted for baseline bone status, age, height, lean mass and moderate to 
vigorous physical activity.  
Results: Footballers had higher improvement in adjusted BMC at the total body, total hip, shaft, 
Ward’s triangle, legs and bone stiffness compared to cyclists (6.3 to 8.0 %). Footballers had 
significantly higher adjusted BMC at total body, shaft and legs compared to swimmers (5.4 to 5.6 %). 
There was no significant difference between swimmers and cyclists for any bone outcomes. 
Swimming and cycling participation resulted in non-significant lower bone development at most sites 
of the skeleton compared to controls (-4.3 to -0.6 %). 
Conclusions: Football participation induces significantly greater improvements in BMC and bone 
stiffness over 12 months compared to cycling and swimming. 
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Abbreviations: BMC: Bone mineral content; BMD: Bone mineral density; DXA: Dual Energy X-Ray 
Absorptiometry; MVPA: Moderate to vigorous physical activity; PA: Physical activity; QUS: 
Quantitative ultrasound; PBM: Peak bone mass; T0: baseline measurements; T1: 12-months 
measurements. 
 
Keywords: Adolescence; Bone mass; Bone stiffness; Cycling; Football; Swimming; Weight-bearing 
exercise. 
 
1. Introduction 
Bone development occurs most rapidly during childhood and adolescence, with 80-90 % of peak 
bone mass (PBM) acquired by late adolescence depending on the site of the skeleton 1. PBM is largely 
determined by genetics 2 and by modifiable factors, such as nutrition and physical activity (PA) 3, 4. 
Exercise during this period of life can enhance bone mineral content (BMC) and bone mineral density 
(BMD) 5 and be maintained into adulthood 6. Football, cycling and swimming are among the most 
popular sports performed by adolescents around the world 7. However, participation in these sports 
may have different effects on bone development 8. Participation in “osteogenic” sports, such us 
football, can augment BMC at the loaded sites of the skeleton 9, 10. However, participation in “non-
osteogenic sports”, such as swimming and cycling, may have a negative or no impact on bone 
outcomes11, which may compromise the achievement of a higher PBM and increase the risk of 
osteoporotic fractures in adulthood. From a public health perspective, understanding how the most 
popular sports worldwide among youth affect bone development is of great importance. 
Cross-sectional studies have evaluated differences in BMC between adolescents engaged in 
different sports in comparison to a control group11. Specifically, footballers were found to have higher 
adjusted-BMC and BMD at most sites of the skeleton compared with age-matched controls 9. In 
contrast, previous evidence found that adolescent male swimmers had lower adjusted-BMC and BMD 
at several sites compared to controls 12, but a recent systematic review concluded that swimmers have 
similar bone mass compared to sedentary controls 13. Similarly, in a cross-sectional analysis we found 
that adolescent male swimmers and cyclists had lower bone outcomes compared to footballers 8. 
However, other studies showed that cycling during adolescence may negatively influence bone health 
11, 14. To date, there are only a few longitudinal studies on this topic and it was found that 3 years of 
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football participation increased femoral neck BMD by 10 % and improved femoral neck and 
intertrochanteric BMC twice as much compared to age-matched controls in prepubertal males 15. 
Previously, 8 months of football training significantly improved bone outcomes at total body, 
intertrochanteric site, lumbar spine and femoral neck in female adolescent footballers, whereas 8 
months of swimming training had no effect on bone outcomes in female adolescent swimmers 16. 
Research investigating the longitudinal effects of the most popular sports on bone development in 
adolescent males is scarce. In a recent study we showed the effect of these sports on clinically relevant 
sites, including hip geometry estimates and trabecular texture, as well as biochemical markers 17. It 
should be noted that a comprehensive analysis of potential confounders, such as lean mass and 
objectively measured moderate-to-vigorous PA (MVPA) should be used to control for important 
predictors of bone status in these sports18.  
In addition to Dual energy X-ray Absorptiometry (DXA), Quantitative Ultrasound (QUS) can 
indicate the risk of osteoporotic fractures at the calcaneus site that is particularly important for 
adolescent athletes due to their high prevalence of injuries 19, 20. In a cross-sectional study, it was 
shown that swimming had no effect on bone stiffness compared to age-matched controls in adolescent 
males and females 12. Also, in a cross-sectional analysis it was found that footballers had higher bone 
stiffness than controls but there were no differences in swimmers and cyclists compared to controls 8. 
However, there is lack of longitudinal studies comparing the effects of osteogenic and non-osteogenic 
sports on QUS bone outcomes in adolescent males athletes 21. Therefore, the purpose of this study is to 
investigate the effect of 12-month participation on BMC and bone stiffness in osteogenic (football) 
and that non-osteogenic sports (swimming and cycling) compared to an active control group after 
controlling for baseline bone outcomes, age, height, lean mass and MVPA. 
 
2. Methods 
The present study represents a 12-month analysis of sport participation as part of the PRO-BONE 
study, whose purpose and methodology have been described elsewhere 22. For the present study, data 
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obtained at baseline (T0) during autumn/winter 2014/15 and at follow-up (T1) during autumn/winter 
2015/2016 were used (mean difference of visits = 372 days). Five participants were excluded because 
they did not complete the second visit (n=3) or they had missing data (n=2). For the present study, 116 
adolescent males (37 swimmers, 37 footballers, 28 cyclists and 14 active controls not engaged in these 
sports more than 3 hour per week) aged 13.1 years ± 1.0 at T0 and 14.1 years ± 1.0 at T1 were 
included. The inclusion criteria at T0 were: 1) males 12–14 years old, engaged (≥3 h/week) in 
osteogenic (football) and/or non-osteogenic (swimming and cycling) sports for the last 3 years or 
more; 2) males 12–14 years old not engaged in any of these sports (≥3 h/week) in the last 3 or more 
years (control group). The exclusion criteria were at T0 were: 1) participants not taking part in another 
clinical trial; 2) participants not having any acute infection lasting until < 1 week before inclusion; 3) 
participants free of any medical history of diseases or medications affecting bone metabolism or 
injured; 4) white Caucasian ethnicity. Ethics approval received from the following committees: 1) the 
Ethics Review Sector of Directorate-General of Research (European Commission, ref. number 
618496); 2) the Sport and Health Sciences Ethics Committee (University of Exeter, ref. number 
2014/766) and 3) the National Research Ethics Service Committee (NRES Committee South West – 
Cornwall & Plymouth, ref. number 14/SW/0060). 
A DXA scanner (GE Lunar Prodigy Healthcare Corp., Madison, WI, USA, 2006) was used to 
measure BMC (g), fat mass (g) and lean mass (g, excluding bone and fat mass). The total body scan 
was used to obtain BMC at the arms, legs, and total body (excluding head). Dual hip scans were 
performed to obtain BMC for total hip, femoral neck, Ward’s triangle, trochanter and shaft sub-
regions and the mean of right and left hip scans was used. The coefficient of variation (CV) for 
measurement reliability was not determined in the present study. Previous paediatric studies have 
shown that the DXA between-day CV was between 1.0 % and 2.9 % depending on the region 23. In 
addition, QUS measurements were performed with a Lunar Achilles Insight (TM Insight GE 
Healthcare, Milwaukee, WI, USA). This portable device measures bone stiffness using ultrasound 
waves. QUS is a non-ionising radiation technique and evaluates bone stiffness  based on broadband 
ultrasound attenuation (dB/MHz) and speed of sound (m/s) 24. The real-time image of the calcaneus 
and the region of interest ensures that the measurement is reliable and valid to assess bone health as 
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demonstrated in paediatric population 25. Daily calibration was completed at all visits and 
measurements were taken according to the standard procedure provided by the manufacturer. The 
positioning was standardised between visits by using an adapter for the children’s feet in order to get 
the same position of the calcaneus. Both feet were measured twice and the mean of the two measures 
was used for statistical analyses.  
Stature (cm) and body mass (kg) were measured by using standard procedures and sexual maturity 
was self-reported using adapted drawings of the five stages of pubic hair development 26. Physical 
activity was measured for seven consecutive days at T0 and T1 using wrist accelerometers 
(GENEActiv, GENEA, UK). The validity and reliability of the accelerometer has been established 
previously in children and adolescents 27. Data were collected at 100 Hz and analysed at 1 s epoch 
intervals to establish time spent in MVPA using a validated cut-point 27. Weekly training hours were 
obtained by face to face interviews at T0 at T1. In addition, the coaches indicated participation in 
weight-training exercises for a subsample of participants. 
Statistical analyses were performed using the SPSS IBM statistics (version 21.0 for Windows, 
Chicago, IL, USA). Data were normally distibuted and presented as mean and standard deviation. Data 
were analysed in two stages: 1) raw (unadjusted) data using one-way analysis of variance (ANOVA) 
with Bonferroni post hoc or Chi-Square tests at T0 and T1 to detect the differences in BMC, and 2) 
adjusted data using one-way analysis of covariance (ANCOVA) with Bonferroni post hoc to detect the 
differences between the groups at T1 after controlling for: bone status at T0, age, height, lean mass, 
MVPA and maturity status 18, 28, 29. Paired t-tests were used to compare differences in values between 
T0 and T1. Preliminary analyses showed bone outcome results did not change when maturity was used 
as confounder instead of age. Thus, maturity was not included in the model. Percentages of difference 
between groups were used to quantify the magnitude of the differences. Significance was set at p < 
0.05 and p < 0.01. 
 
3. Results 
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Table 1 presents the descriptive characteristics of the participants at T0 and T1. From T0 to T1 all 
the descriptive characteristics significantly increased in all groups except MVPA in all groups and 
body fat percentage in sports groups that significantly decreased. Between-group differences at T1 
showed that swimmers were older, taller, heavier and had more lean mass than the footballers and 
controls. Swimmers were more mature than footballers and controls. Swimmers trained more hours 
per week and had more years of training than cyclists. Footballers spent more time doing MVPA than 
swimmers and controls. In addition, footballers trained more hours per week and had more training 
years than cyclists and swimmers. Cyclists were older than controls and spent more time doing MVPA 
compared to swimmers and controls. Controls had a higher body fat percentage than all sports groups. 
(Table 1 here) 
Table 2 shows the adjusted BMC and bone stiffness at T0 and T1 between the groups and Figure 1 
shows the adjusted BMC and bone stiffness differences (%) between the sports groups and controls at 
T1. At T1 footballers had significantly higher BMC at total body, shaft and legs compared to 
swimmers (5.4 to 5.6 %). Also, at T1 footballers had significantly higher BMC at total body, total hip, 
Ward’s triangle, shaft and legs compared to cyclists (6.3 to 8.0 %). At T1 footballers had non-
significantly higher bone outcomes than controls (3.3 to 8.4 %). The adjusted bone stiffness was 
significantly higher in footballers compared to cyclists (7.8 %) at T1. Swimmers and cyclists had 
similar bone outcomes at T1 (-0.6 to 4.3 %) and both groups had no significant differences at any of 
the bone outcomes compared to controls (-4.5 to 4.7 %). 
(Table 2 and Figure 1here) 
Supplementary table 1 shows the unadjusted change in bone outcomes at T0 and T1. At T1 BMC 
significantly increased at all skeletal sites in swimmers (10.3 to 21.0 %), footballers (13.6 to 23 %), 
cyclists (9.9 to 19.0 %) and controls (14.8 to 21.0 %) compared to T0. In addition, bone stiffness 
significantly increased in swimmers (4.5 %), footballers (6.9 %) and controls (5.1 %) from T0 to T1, 
but the increase was not significantly different in cyclists (0.9 %).  
 
4. Discussion 
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The main findings of the present study are: 1) after 12 months of sports participation, footballers 
had significantly higher BMC and bone stiffness gains compared to swimmers and cyclists, and higher 
but non-significant BMC and bone stiffness compared to active controls; 2) after 12 months swimmers 
and cyclists had similar BMC and bone stiffness, and both groups had no significant differences in 
BMC and bone stiffness compared to controls. 
The present study shows that after 12 months footballers had higher adjusted BMC compared to 
cyclists and swimmers at most skeletal sites. The only study comparing these sports was conducted in 
female adolescent swimmers and footballers and showed that 8 months period of sport-specific 
training increased total body BMD by 2.9 % in footballers, whereas BMD remained constant in 
swimmers 16. The present study found that footballers had 2.4 % higher adjusted BMC compared to 
swimmers after 12 months. Cross-sectional evidence in adolescent males found that footballers had 
greater BMD at the femoral neck compared to swimmers 30. The differences observed in BMC gains 
among the sports groups in the present study might be explained by the plyometric exercises included 
in the football training that can induce higher bone mass in adolescent athletes despite the reduced lean 
mass in footballers compared to swimmers 31. In this regard, Larsen et al. found that a 10-month 
programme that included small-sided ball games improved BMD at the legs and total body compared 
to controls, and BMD at the legs compared to a circuit strength training 32.  
In the present study, BMC development over 12 months was similar between adolescent male 
swimmers and cyclists at any skeletal sites. This is in line with studies showing that swimming and 
cycling seem to have no additional effect on bone growth 11, 12, which could be due to the low ground 
reaction forces produced during participation in the non-osteogenic environment. In regards to bone 
stiffness, the present study showed that footballers significantly increased bone stiffness compared to 
cyclists. The latter is in accordance with cross-sectional analysis from this cohort showing that 
footballers had significantly higher bone stiffness compared to swimmers and cyclists 8. 
Football participation during adolescence may induce higher bone outcomes compared to leisure 
active controls according to cross-sectional evidence 9, 10. However, evidence from a study in 
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prepubescent boys found that footballers had non-significant but higher bone outcomes compared to 
active controls after 10 months of training 33. These results are in line with our findings showing that 
footballers had higher (3.3 % to 8.4 %) but not significant bone outcomes compared to active controls 
after 12 months. It should be noted that the control group was physically active (MVPA= 64 min/day) 
and some controls engaged in other weight-bearing sports (< 3 hours per week) which might explain 
the non-significant difference compared to footballers. A previous cross-sectional study showed that 
footballers had significantly higher bone stiffness at lower extremities compared to active controls 34. 
The differences in bone outcomes between adolescent footballers and controls might increase in the 
future due to the previous findings showing that 3 years of football training exhibited significantly 
greater adjusted BMC in total body, legs and intertrochanteric sites compared to age-matched controls 
15. 
Swimming is considered a non-osteogenic sport and does not promote positive changes on bone 
development above that observed due to growth. According to a recent meta-analysis, swimmers and 
sedentary controls have similar bone outcomes 13. In addition, adolescent males that participated only 
in swimming had lower BMD and BMC at several sites of the skeleton compared to age-matched 
controls 12. In the present study swimmers had similar BMC gains with active controls after 
controlling for relevant covariates (including T0 BMC). Similarly, we found swimmers to have similar 
bone outcomes with controls at baseline after controlling for the same covariates 8. A possible 
explanation is that swimming has non-gravitational training characteristics and despite swimmers 
having augmented higher lean mass it was not enough to produce bone adaptations after 12-months of 
training 35. Regarding bone stiffness, previous cross-sectional findings showed similar values between 
swimmers and controls 12.  
Cycling is a widely practised sport that applies low mechanical forces to the skeleton during 
training 36 and the present analysis showed that cyclists had lower but non-significant adjusted BMC 
and bone stiffness than controls. Previous evidence exist only from  cross-sectional studies indicating 
that adolescent female cyclists had similar or lower bone outcomes compared to non-athletic 
controls16. Another cross-sectional study found that males cyclists (< 17 years) had significantly lower 
BMC at the legs compared to age-matched controls 11. According to the baseline cross-sectional 
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analysis of this cohort, cyclists had non-significantly higher adjusted BMC at the most skeletal sites 8.  
However, after one year cyclists had non-significant lower bone development in BMC and bone 
stiffness than controls. The differences observed in the current study might be explained by the non-
osteogenic environment of both swimming and cycling and by the mechanical loading produced by the 
sports-specific patterns. In addition, participation in plyometric training or other weight-bearing 
activities might explain the difference on bone outcomes between adolescent athletes and needs 
further investigation to quantify the impact of weight training on bone outcomes. 
The strengths of the present study are 1) the investigation of bone outcomes across osteogenic and 
non-osteogenic male adolescent groups over 12 months; 2) the combination of DXA and QUS, which 
provides a comprehensive insight into BMC and bone stiffness outcomes and 3) the rigorous 
methodology that enabled the inclusion of a selection of specific confounders which increases the 
internal validity of the study. A limitation of the present study is the lack of nutrition-related 
covariates and the two time points of the longitudinal assessment. However, we have observed that 
dietary intakes (total energy, protein and calcium) were no different between the groups at T0 and T1 
(data not reported). In addition, despite the two measurements completed, this is the first stud to assess 
the differences in bone development of these sports over 12 months. Also, it should be noted that all 
sport groups were very active, but cyclists trained less compared to footballers and swimmers.  
5. Conclusions 
In summary, the findings of this study suggest that 12 months of football participation induces 
greater BMC and bone stiffness compared to cycling or swimming participation. In addition, 
footballers had higher BMC although not significant compared to an active control group. Swimmers 
and cyclists had similar bone outcomes after 12 months, and both groups no significant differences in 
any of the bone outcomes compared to active controls. These findings suggest that participation in 
non-osteogenic sports during adolescence should be combined with weight-bearing activities in order 
to optimise bone development. Studies focusing on females and using specific interventions to 
improve bone mineralization in non-osteogenic sports during growth are needed. 
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Practical implications 
 Football participation for 12-months induces significantly higher increase in bone mineral content 
and bone stiffness compared to cycling and swimming in adolescent males. 
 Participation in cycling and swimming for 12-months has similar effects on bone development in 
adolescent males and both groups have non-significant lower bone outcomes compared to active 
controls. 
 Cycling and swimming participation may compromise the optimal bone development during 
adolescence suggesting intervention studies are needed to improve bone development in 
adolescents participating in these sports. 
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Figure 1. 
Differences (%) in adjusted bone mineral content (BMC) between the sports groups and controls after 
12 months. The results adjusted for age, height, lean mass, moderate to vigorous physical activity and 
bone outcomes at baseline (T0). TBLH: Total body less head. Letters denote a significant difference 
with: a (Swimmers, SWI), b (Footballers, FOO), c (Cyclists, CYC) and d (Controls). a,b,c,d p<0.05 and 
aa,bb,cc,dd p<0.01. 
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Tables 
 
Table 1.  
Descriptive characteristics of the participants at baseline (T0) and after 12 months (T1) of sport 
participation 
N = 116 Swimmers 
(N = 37) 
Footballers 
(N = 37) 
Cyclists 
(N = 28) 
Controls 
(N = 14) 
Age (yrs)  
T0 13.5 (1.0)b,dd 12.9 (0.9) 13.2 (1.0)d 12.3 (0.5) 
T1 14.6 (1.0)b,dd,* 13.9 (0.9)* 14.2 (1.0)d,* 13.2 (0.5)* 
Stature (cm)  
T0 165.1 (9.7)bb,d 155.2 (9.3) 160.7 (10) 154.5 (9.9) 
T1 171.6 (8.9)bb,dd,* 162.7 (10.3)* 166.6 (10.7)* 160.7 (10.5)* 
Body mass (kg)  
T0 51.9 (8.7)bb 44.3 (7.9) 49.3 (12.5) 48.3 (13.0) 
T1 58.9 (8.2)b,* 50.8 (9.7)* 54.7 (12.5)* 55.2 (15.6)* 
BMI (kg/m2)  
T0 18.9 (1.6) 18.3 (1.4) 18.9 (3.3) 20.0 (3.4) 
T1 19.9 (2.0)* 19.0 (1.8)* 21.0 (3.1)* 21.0 (3.7)* 
Lean mass (kg)  
T0 41.1 (9.0)b,dd 35.4 (7.2) 37.5 (7.5) 31.7 (5.5) 
T1 47.8 (8.7)b,dd,* 41.2 (9.2)* 42.9 (8.2)* 36.8 (7.1)* 
Body fat (%)  
T0 17.3 (7.3)* 15.7 (5.6)* 18.0 (9.0)* 29.0 (10.5)aa,bb,cc 
T1 14.4 (6.4) 14.5 (6.0) 16.1 (9.2) 27.9 (10.9)aa,bb,cc 
Tanner stages (1-5; 
%) 
 
T0 (16/25/16/43/0) (24/35/24/16/0) (14/28/25/28/4) (29/21/21/29/0) 
T1 (5/11/11/51/22)b,d,* (6/16/35/43/0)* (7/11/14/57/11)* (0/21/43/36/0)* 
Training (h/week)  
T0 9.4 (5.1)cc 10.0 (2.3)cc 5.2 (2.1) - 
T1 8.9 (3.6)cc 9.4 (1.7)cc 5.6 (2.0) - 
Years of training     
T0 5.9 (2.5)cc 7.5 (2.3)a,cc 3.9 (1.3) - 
T1 6.9 (2.5)cc,* 8.5 (2.3)a,cc,* 4.9 (1.3) - 
MVPA (min/day)  
T0 85.0 (30.9)* 119.8 (29.7)aa,dd,* 106.5 (33.7)a,* 83.2 (26.8)* 
T1 62.9 (21.8) 92.4 (25.7)aa,dd 85.6 (21.8)aa,d 64.3 (18.1) 
Values presented as mean (SD). BMI: Body mass index, MVPA: Moderate to vigorous physical activity. T0 
= baseline values, T1 = 1 year values. Superscript letters denote a higher significant difference between 
sports: a (swimmers), b (footballers), c (cyclists), d (controls), a,b,c,d p<0.05, aa,bb,cc,dd p<0.001 and within each 
sports group at T0 and T1: * p<0.05. 
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Table 2.  
Adjusted bone mineral content (BMC, g) and bone stiffness at baseline (T0) and after 12 months (T1) of 
sports participation in adolescent males  
N = 116 Swimmers 
(N = 37) 
Footballers 
(N = 37) 
Cyclists 
(N = 28) 
Controls 
(N = 14) 
TBLH (g) 
T0 
T1 
 
1453.9 (21.1) 
1752.9 (20.9) 
 
1574.5 (21.5)a,c,d 
1846.7 (20.9)a,cc 
 
1459.9 (22.7) 
1737.0 (21.9) 
 
1451.8 (34.4) 
1787.1 (33.6) 
Total hip (g) 
T0 
T1 
 
26.50 (0.50) 
32.04 (0.42) 
 
30.24 (0.51)aa,cc,d 
33.53 (0.44)c 
 
26.62 (0.53) 
31.26 (0.45) 
 
24.61 (0.79) 
31.70 (0.70) 
Ward’s (g) 
T0 
T1 
 
2.15 (0.06) 
2.66 (0.05) 
 
2.48 (0.06)a,c,dd 
2.74 (0.05)c 
 
2.14 (0.06) 
2.55 (0.05) 
 
1.92 (0.1) 
2.63 (0.08) 
Trochanter (g) 
T0 
T1 
 
8.11 (0.23) 
10.99 (0.27) 
 
9.85 (0.23)aa,cc,d 
11.38 (0.28) 
 
8.22 (0.24) 
10.59 (0.28) 
 
7.60 (0.36) 
10.50 (0.43) 
Shaft(g) 
T0 
T1 
 
14.16 (0.26) 
16.20 (0.16) 
 
15.71 (0.26)a,cc,d 
17.09 (0.17)a,cc 
 
14.12 (0.27) 
16.08 (0.17) 
 
13.09 (0.41) 
16.30 (0.27) 
Arms (g) 
T0 
T1 
 
209.27 (3.23) 
252.85 (2.95) 
 
207.24 (3.19) 
258.71 (2.85) 
 
211.98 (3.48)d 
254.39 (3.15) 
 
193.43 (5.22) 
249.52 (4.84) 
Legs (g) 
T0 
T1 
 
215.69 (4.51) 
854.67 (9.67) 
 
253.79 (4.59)aa,cc,d 
902.89 (9.82)a,cc 
 
223.08 (4.89) 
836.26 (9.85) 
 
216.31 (7.43) 
873.90 (15.24) 
Stiffness index 
T0 
T1 
 
89 (2) 
97 (1) 
 
100 (2)a,c,d 
101 (1)c 
 
91 (2) 
93 (1) 
 
86 (3) 
98 (2) 
Values are presented as mean (SE). TBLH: Total body less head. Superscript letters denote a higher 
significant difference with: a (swimmers), b (footballers), c (cyclists) and d (controls). a,b,c,d p<0.05 and 
aa,bb,cc,dd p<0.001. At T0 BMC values were adjusted for age, stature, MVPA and lean mass. At T1 BMC 
values were adjusted for age, stature, MVPA, lean mass and for baseline BMC (T0). 
 
 
  
 
 
 
 
 
 
 
 
 
“The roots of education are bitter, but the fruits are sweet” 
Aristotle (384 BC, Stagira - 322 BC, Chalcis) 
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